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Abstract 

The main research objective of this thesis was to evaluate the potential of 

candidate dietary supplements, namely casein hydrolysate (CH) and its 5 kDa 

retentate (5kDaR), yeast β-glucan and crude fucoidan- and laminarin-rich 

seaweed extracts, to promote growth and gastrointestinal health in weaned pigs 

with a focus on modulating the composition of the gastrointestinal microbiota. The 

first three experimental chapters (Chapter 2 - 4) involved an initial assessment of 

the different dietary candidates for their antibacterial and prebiotic effects using 

two in vitro GIT microbiota models: 1) a batch fermentation assay inoculated with 

faeces from weaned pigs, and; 2) a panel of pure culture growth assays with 

selected beneficial (Lactobacillus plantarum, L. reuteri, Bifidobacterium 

thermophilum) and pathogenic (Salmonella Typhimurium, enterotoxigenic 

Escherichia coli) bacterial strains. Chapter 2 focused on CH, 5kDaR and yeast β-

glucan and whether CH could substitute 5kDaR, whereas Chapters 3 and 4 

investigated how seaweed species, harvest season and extraction 

methodologies/conditions influenced the antibacterial and prebiotic potential of 

the whole biomass samples and extracts of Ascophyllum nodosum and Laminaria 

spp., respectively. During the in vitro assessment of the dietary candidates, an A. 

nodosum extract (ANE1) produced using the E1 extraction conditions of a novel 

hydrothermal-assisted extraction (HAE) methodology exhibited a strong 

antibacterial activity against S. Typhimurium and ETEC and, thus, was selected 

for further in vivo investigation. In Chapter 5, a new fucoidan-rich A. nodosum 

extract (ANE) produced using the above-mentioned extraction protocol, was 

evaluated at two inclusion levels (high and low) as a dietary intervention to control 

Salmonella infection in naturally infected weaned pigs and improve parameters of 

gastrointestinal health. ANE exhibited similar in vitro antibacterial activity to the 

ANE1. High ANE supplementation reduced Salmonella shedding during the post-

weaning period; however, no benefits were observed in Salmonella shedding and 

intestinal colonisation following movement to the grower houses, regrouping and 

experimental re-infection with S. Typhimurium. High ANE supplementation led to 

a more beneficial colonic microbiota, characterised by reduced 

Enterobacteriaceae counts and increased Bifidobacterium spp. counts, and 

reduced expression of inflammatory markers that facilitate Salmonella 

colonisation and persistence. Fucoidan was considered the bioactive component, 
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as it was the major constituent of ANE. The second research objective of this 

thesis was to evaluate the potential of a laminarin-rich extract as a dietary 

supplement in broiler chickens based on its previous beneficial effects on growth 

and gastrointestinal health in pigs, as these two animal species share similarities 

in terms of gastrointestinal ecosystem and production and intestinal challenges. 

In Chapter 6, dietary supplementation with 300 ppm laminarin improved 

performance, increased the caecal Bifidobacterium spp. population and 

enhanced nutrient absorption, intestinal integrity and protective immune 

responses indicating improved resistance to intestinal pathogens without 

compromising growth. Overall, seaweed extracts are promising dietary 

supplements to enhance performance and gastrointestinal health in broiler 

chickens and, potentially under challenging conditions in pigs, thus, meriting 

further exploration. Nevertheless, prior in vitro evaluation and purification of the 

bioactive components are required to improve their efficacy in in vivo conditions.  
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1.1 Introduction 

The diverse microbial community (microbiota) that colonises the gastrointestinal 

tract (GIT) influences host growth, health, and wellbeing via its contributions to 

nutrition, pathogen inhibition and immunomodulation (Belkaid and Hand, 2014; Kim 

et al., 2017b; Rowland et al., 2018). In pigs and broiler chickens, the GIT microbiota 

is dominated by members of the Firmicutes and Bacteroidetes phyla, followed by 

Proteobacteria, with fluctuations in the composition across the different GIT regions 

and growth stages (Kim and Isaacson, 2015; Clavijo and Florez, 2018). For the 

GIT microbiota to be able to exert its beneficial effects on the host, it should reach 

a state of functional and compositional diversity and stability that is capable of 

resisting externally induced perturbations (Lozupone et al., 2012; Moya and Ferrer, 

2016). The inability of the GIT microbiota to maintain this healthy state may result 

in dysbiosis, which is a state of disturbed microbial composition/metabolism 

(DeGruttola et al., 2016). In young pigs and broiler chicks, the challenge of weaning 

and high performance frequently leads to dysbiosis. This predisposes animals to 

intestinal infection and disease such as post-weaning diarrhoea (PWD) and 

Salmonella infection (Gresse et al., 2017; Ducatelle et al., 2018). Apart from a 

dysbiotic microbiota, intestinal inflammation is another predisposing factor for PWD 

and Salmonella colonisation in pigs and broiler chickens indicating a link between 

these two pathological conditions (Heo et al., 2013; Kogut et al., 2016; Kim and 

Isaacson, 2017). 

Dietary interventions are commonly used to prevent or alleviate dysbiosis and its 

impact on growth and health of pigs and broiler chickens. In the past, antimicrobial 

growth promoters (AGP) were traditionally used to improve growth via their 

modulatory effect on the composition of the GIT microbiota (Dibner and Richards, 

2005). However, the association of AGP with antimicrobial resistance (AMR) led to 

the EU ban in 2006 (Regulation (EC) No. 1831/2003). Zinc oxide (ZnO) was a 

successful alternative to deal with the negative impact of weaning on growth and 

gastrointestinal dysfunction (including dysbiosis) in pigs (Shannon and Hill, 2019), 

but it will also be banned in the EU by 2022 due to its association with 

environmental contamination and AMR (EMA/394961/2017). Furthermore, the use 

of antimicrobials in farm animals (Regulations (EU) No. 2019/6 and No. 2019/4) 

will be subjected to additional restrictions in the EU from 2022. Thus, there is an 
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increasing urgency for alternative dietary supplements that can support growth and 

gastrointestinal health and functionality in pigs and broiler chickens. 

Natural compounds such as casein hydrolysates and yeast β-glucan are promising 

candidates for dietary supplementation in weaned pigs. In particular, yeast β-

glucan and casein hydrolysates have exhibited immunomodulatory activity in 

weaned pig studies (Sweeney et al., 2012; Mukhopadhya et al., 2019; Wang et al., 

2019a). Furthermore, it has been suggested that both compounds can modulate 

the composition of the GIT microbiota in weaned pigs (Sweeney et al., 2012; 

Murphy et al., 2013; Wang et al., 2019a). Interestingly, the combined use of a 

casein hydrolysate and yeast β-glucan as a dietary supplement in pigs was 

considered to be a potent alternative to ZnO during the weaning transition 

(Mukhopadhya et al., 2019). Taking all these findings together, casein hydrolysates 

and yeast β-glucan seem promising dietary supplements for the weaned pig. 

However, the effects of each of these dietary compounds on the GIT microbiota 

are not fully understood. Therefore, further investigation into the interaction 

between the GIT microbiota and casein hydrolysate or yeast β-glucan may provide 

a better insight on how these compounds work within the GIT of weaned pigs. 

Seaweed polysaccharides, laminarin and fucoidan, are another interesting group 

of natural dietary supplements for use in pig and broiler chicken nutrition due to 

their prebiotic, antibacterial and immunomodulatory activities as reviewed by de 

Jesus Raposo et al. (2015), Shannon and Abu-Ghannam (2016) and Cherry et al. 

(2019). However, natural variability exists in the quantity, structure and bioactivity 

of laminarin and fucoidan between different seaweed species and harvest 

seasons, while the wide range of available extraction methodologies and 

conditions results in further variation (Garcia-Vaquero et al., 2017). Optimisation of 

the extraction methodologies could improve the quantity and preserve the 

bioactivities of laminarin and fucoidan contained in seaweed extracts (Garcia-

Vaquero et al., 2017). Laminarin and fucoidan-rich extracts are promising dietary 

supplements for modulating the composition of the GIT microbiota and, thus, 

relevant screening assays should be used to identify potent extracts. Promising 

laminarin- and fucoidan-rich extracts should be further evaluated in dietary 

intervention studies with pigs and broiler chickens.   
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In vitro GIT microbiota models could be employed during the screening process of 

candidate dietary supplements to evaluate their prebiotic and antibacterial 

potential. Of these, in vitro pure culture growth assays and batch fermentation 

assays are commonly used for determining the direct effects of the investigated 

compounds on specific bacterial strains and selected bacterial populations, 

respectively, as they are simple and easy to set up assays that allow large scale 

evaluation (Gibson et al., 2004; Wang et al., 2019d). Although these in vitro GIT 

microbiota models can provide valuable information on the modulatory effect of 

candidate dietary supplements on bacterial composition, animal studies are 

irreplaceable as these models cannot replicate the complex host environment 

(Williams et al., 2005).  

The main subject areas of this review are: 1) the GIT microbiota and its composition 

in pigs and broiler chickens, 2) gastrointestinal dysbiosis and its role in PWD and 

Salmonella colonisation, 3) past and promising dietary interventions to control 

dysbiosis and/or promote a healthier bacterial composition with emphasis on 

seaweed polysaccharides and 4) in vitro and in vivo models employed to evaluate 

the effects of candidate dietary supplements on the GIT microbiota. 

 

1.2 GIT microbiota   

The GIT of animals including pigs and broiler chickens is colonised by a highly 

diverse, complex and dynamic microbial community collectively representing the 

microbiota (Leser et al., 2002; Zhu et al., 2002). It consists of various commensal 

microorganisms, predominantly bacteria and to lesser extent fungi, protozoa, 

viruses and archaea (Isaacson and Kim, 2012; Yeoman et al., 2012). The total 

bacterial population residing in the mammalian GIT is estimated at 1014 bacteria / 

g digesta comprising 500-1000 or possibly more bacterial species (Kim and 

Isaacson, 2015), whereas intestinal bacterial cell density can reach up to 1011 

bacteria / g digesta in chickens with 640 or possibly more different bacterial 

species being previously identified (Apajalahti et al., 2004; Oakley et al., 2014). 

The GIT microbiota is divided into four groups: 1) the autochthonous microbiota 

consisting of symbiotic microbial groups that persist in the GIT throughout life; 2) 

the normal microbiota that includes ubiquitous microorganisms with variation in 

presence and numbers between and within individuals; 3) opportunistic and 
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obligate pathogens with low prevalence in the GIT under normal conditions; and  

4) the allochthonous microbiota representing microorganisms of various origin 

(e.g. food and feed) that transiently colonise the GIT (Dubos et al., 1965; 

Klaenhammer, 2007). Furthermore, it can be divided into lumen- or mucosa-

associated microbiota with the differences in the composition associated with 

oxygen presence and ability for mucin utilisation (Gong et al., 2002; Kelly et al., 

2017; Zhang et al., 2018). 

In the following sections, the major roles of the GIT microbiota will be briefly 

described with focus on nutrition and colonisation resistance and the microbial 

composition and how this is altered with gastrointestinal region and age will be 

presented for pigs and broiler chickens. As the majority of the intestinal bacteria 

is unculturable, studies investigating the GIT and faecal microbiota in pigs and 

broiler chickens using culture-independent techniques (16S rRNA gene analysis) 

were used. It should be mentioned that variation in the composition of the GIT 

and faecal microbiota existed across the different pig and broiler chicken studies 

and only an overview of the main findings is provided in the relevant sections. 

This can be attributed to differences in diets, management practices, animal 

genetics, geographic location, environmental conditions and sample 

processing/analysis that influence microbial composition.  

 

1.2.1 Contributions of the GIT microbiota focusing on the host nutrition and 

health 

The most well-known function of the GIT microbiota is the utilisation of non-

digestible polysaccharides and proteins of dietary and host origin to support 

microbial growth via diverse metabolic processes (fermentation) resulting in 

increased availability of nutrients otherwise inaccessible to the host and improved 

growth (Williams et al., 2001). Cross-feeding further expands the quantity and 

range of available nutrients for the host by supporting the compositional diversity 

of the microbial community (Rowland et al., 2018). The principal site of microbial 

fermentation is the colon and cecum in pigs and the caeca in chickens (Heinritz et 

al., 2013; Oakley et al., 2014). Release of mono- and dis-saccharides and 

production of organic acids, mainly lactate and short-chain fatty acids (SCFA) 

during microbial fermentation positively contribute to the nutrition and health of 
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the host (Rinttilä and Apajalahti, 2013; Rist et al., 2013). In particular, the three 

main SCFAs, acetate, propionate and butyrate, exert many beneficial effects on 

the host which are presented in Table 1.1. Metabolites from protein fermentation 

such as ammonia, amines, phenols, indoles and branched-chain fatty acids 

(BCFAs) can be beneficial in small amounts; However, extensive protein 

fermentation is associated with cytotoxicity and carcinogenesis and reduced 

availability of amino acids and peptides for host protein synthesis (Rinttilä and 

Apajalahti, 2013; Rist et al., 2013). Additional fermentation products are gases 

such as hydrogen, carbon dioxide and methane which are either used by other 

microorganisms or removed via breath or flatus (Rowland et al., 2018). The 

identification of polysaccharide degradation systems and pathways associated 

with SCFA production in the metagenome of the GIT microbiota of pigs and 

broiler chickens further supports its significant contribution in nutrition (Sergeant 

et al., 2014; Mancabelli et al., 2016; Metzler-Zebeli et al., 2019; Wang et al., 

2019e).  In broiler chickens, bacterial members belonging to the Clostridia and 

Bacteroidia classes encoded most of these functional groups (Sergeant et al., 

2014). In pigs, these genes were broadly assigned to Firmicutes and 

Bacteroidetes phyla, although associations with specific families such as 

Lachnospiraceae and genera such as Faecalibacterium, Bacteroides, Prevotella, 

Ruminococcus and Clostridium were also reported (Metzler-Zebeli et al., 2019; 

Wang et al., 2019e). The polysaccharide-degrading and SCFA-producing abilities 

of these bacterial families and genera and of other members within the Clostridia 

and Bacteroidia have also been reviewed elsewhere (Flint et al., 2012; Riviere et 

al., 2016). 
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Table 1.1 Overview of the beneficial activities of the three major SCFA produced 

in the colon and caecum (Riviere et al., 2016). 

SCFA                                Physiological effect 

Acetate  

CH3-COO− 

Reaches the portal vein and is metabolized in various 

tissues 

Intestinal effects 

▪ Is a minor energy source for the colonic epithelial 

cells 

▪ Decreases the pH of the colon (which decreases bile 

salt solubility, increases mineral absorption, 

decreases ammonia absorption and inhibits growth 

of pathogens) 

▪ Has anti-inflammatory effects 

▪ Increases colonic blood flow and oxygen uptake 

▪ Is used by cross-feeding species as a co-substrate 

to produce butyrate 

Other effects 

▪ Is a substrate for cholesterol and fatty acid 

biosynthesis in the liver 

▪ Is an energy source for muscle and brain tissue 

Propionate  

CH3-CH2-COO− 

Reaches the portal vein and is subsequently taken up by 

the liver 

Intestinal effects 

▪ Is a minor energy source for the colonic epithelial 

cells 

▪ Decreases the pH of the colon (which decreases bile 

salt solubility, increases mineral absorption, 

decreases ammonia absorption and inhibits growth of 

pathogens) 

▪ Prevents proliferation and induces apoptosis of 

colorectal cancer cells 

▪ Has immunomodulatory and anti-inflammatory effects 

Other effects 

▪ Promotes satiety 
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▪ Lowers blood cholesterol levels 

▪ Decreases liver lipogenesis 

▪ Improves insulin sensitivity 

Butyrate  

CH3-CH2-CH2-

COO− 

Is mainly taken up by the colonic epithelial cells, only small 

amounts reach the portal vein and the systemic circulation 

Intestinal effects 

▪ Is the preferred energy source for colonic epithelial 

cells 

▪ Decreases the pH of the colon (which decreases bile 

salt solubility, increases mineral absorption, 

decreases ammonia absorption and inhibits growth of 

pathogens) 

▪ Stimulates proliferation of normal colonic epithelial 

cells 

▪ Prevents proliferation and induces apoptosis of 

colorectal cancer cells 

▪ Plays a protective role against colon cancer and 

colitis 

▪ Improves the gut barrier function by stimulation of the 

formation of mucin, antimicrobial peptides and tight-

junction proteins 

▪ Has immunomodulatory and anti-inflammatory effects 

▪ Stimulates the absorption of water and sodium 

▪ Reduces oxidative stress in the colon 

Other effects 

▪ Promotes satiety 

 

Another significant function of the GIT microbiota is colonisation resistance 

against intestinal pathogens. Colonisation resistance is achieved by: 1) occupying 

the preferred binding sites and depriving the intestinal environment of essential 

nutrients (competitive exclusion), 2) establishing a hostile lumen environment via 

the production of lactate and SCFA and reducing oxygen levels, 3) producing 

antimicrobial peptides such as bacteriocins targeting closely related species or 
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with a broader range, and 4) expressing type VI secretion system (Kim et al., 

2017b; Pickard et al., 2017). The GIT microbiota-immune system interaction 

leads to the stimulation of host antimicrobial mechanisms such as the production 

of mucin, antimicrobial peptides and secretory IgA (sIgA) that exert a regulatory 

effect on the composition of the microbial community and intestinal pathogens, 

thus constituting the indirect mechanisms of colonisation resistance (Kim et al., 

2017b). These mechanisms employed by the GIT microbiota prevent the 

overgrowth of potentially pathogenic bacterial populations and inhibit infection by 

new enteric pathogens. In pigs and broiler chickens, weakened colonisation 

resistance due to compositional disturbances of the GIT microbiota predisposes 

to the development of gastrointestinal disorders and diseases such as PWD in 

weaned pigs (Gresse et al., 2017) and necrotic enteritis in broiler chickens 

(Moore, 2016) and facilitates the establishment of important foodborne pathogens 

such Salmonella serotypes and Campylobacter jejuni in the GIT (Mead, 2000; 

Kim and Isaacson, 2017). The contributions of intestinal Lactobacillus and 

Bifidobacterium genera to the inhibition of enteric pathogens via colonisation 

resistance mechanisms are well-established in humans (Servin, 2004; Lebeer et 

al., 2008; Sarkar and Mandal, 2016). Indigenous Lactobacillus spp. strains 

isolated from the GIT of pigs and chickens have been identified as potent 

inhibitors of animal and foodborne pathogens including Salmonella serotypes and 

Escherichia coli strains in in vitro studies (Garriga et al., 1998; De Angelis et al., 

2006; Kim et al., 2007; Lin et al., 2007; Klose et al., 2010a; Lahteinen et al., 

2010). Bifidobacterium spp., Bacillus subtilis and Enterococcus faecium strains 

isolated from the porcine GIT (Kim et al., 2007; Klose et al., 2010a; Klose et al., 

2010b) and Bacillus subtilis strains isolated from the GIT of chickens (Penaloza-

Vazquez et al., 2019) have also shown some potential in vitro for pathogen 

inhibition. The inhibitory effects observed in the above-mentioned studies were 

associated with the production of lactate, hydrogen peroxide and/or bacteriocins 

with several of these bacterial strains also exhibiting adherence to intestinal cells 

all of which are in line with the mechanisms of colonisation resistance. 

As it is not within the scope of this thesis, the important contributions of GIT 

microbiota in the immune system it will not be described here. Nevertheless, it is 

worth mentioning that intestinal microbial colonisation in neonatal animals is 

essential for the development and maturation of the mucosal immune system, as 
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it is evident in germ-free mammals and chickens (Bauer et al., 2006; Broom and 

Kogut, 2018). Furthermore, the GIT microbiota interacts with various components 

of the innate and adaptive immune system to induce the development of 

tolerance towards harmless commensal microorganisms and dietary antigens, 

protective inflammatory responses towards pathogens and intestinal homeostasis 

in mammals and chickens with these processes being reviewed in detail by 

Belkaid and Hand (2014) and Broom and Kogut (2018). Additionally, the GIT 

microbiota is involved in the production of vitamins such as K and group B and 

the recycling of bile salts (enterohepatic circulation) (Rowland et al., 2018). 

 

1.2.2 Composition of the GIT microbiota in pigs 

1.2.2.1 Core GIT microbiota  

The first attempt to gain an insight into the diversity of the GIT microbiota in pigs 

using sequencing of the 16S rRNA gene led to the identification of 375 phylotypes 

(Leser et al., 2002). Among the main findings of this study were the dominance of 

low G+C, Gram-positive bacteria (Firmicutes phylum) including members of the 

Clostridium coccoides and Cl. leptum subgroups (e.g. Ruminococcus, 

Eubacterium, Roseburia genera and Faecalibacterium prausnitzii) and 

Lactobacillus genus and the dominance of Prevotella and Bacteroides genera 

within the population of the Gram-negative bacteria (Bacteroidetes phylum) (Leser 

et al., 2002). Subsequent studies have provided more details into the composition 

of the porcine GIT and faecal microbiota. The evaluation of faecal samples from 

pigs of different breed, age, sex, management practices and geographic location 

identified Firmicutes and Bacteroidetes as the dominant phyla in pigs with 

Proteobacteria, Spirochaetes, Actinobacteria and others being present in low 

abundance (Xiao et al., 2016). At the genus level, Prevotella was dominant across 

all samples followed by Bacteroides, Clostridium, Ruminococcus, Eubacterium, 

Butyrivibrio and Lactobacillus, all of which might represent core genera of the GIT 

microbiota in pigs (Xiao et al., 2016). Similar to the lumen, the three major phyla in 

the mucosa-associated microbiota are Firmicutes, Bacteroidetes and 

Proteobacteria (Kelly et al., 2017; Zhang et al., 2018). The mucosa-associated 

microbiota is dominated by Campylobacteriaceae, Helicobacteriaceae and 

Desulfovibrionaceae families, while 4 bacterial species, namely C. coli, H. rappini, 
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P. copri and F. prausnitzii were considered to represent the core microbiota (Kelly 

et al., 2017; Zhang et al., 2018). A meta-analysis study aimed to determine the 

core microbiota of the GIT in pigs regardless of age, breed, diet and geographic 

location by evaluating digesta and mucosa samples from different GIT regions and 

faeces from 20 publicly available studies (Holman et al., 2017). From the 35 phyla 

identified, Firmicutes and Bacteroidetes were dominant as they represented 

approximately 85% of all 16S rRNA sequences, whereas Proteobacteria was the 

only other phylum present in all samples (Holman et al., 2017). Prevotella, the most 

abundant genus, along with Clostridium, Blautia, Lactobacillus, Ruminococcus, 

Roseburia, RC9 gut group and Subdoligranulum genera were present in over 90% 

of all samples, and were considered to comprise the core GIT microbiota in pigs 

(Holman et al., 2017).  

Although the bacterial fraction constituted 98% of the GIT metagenome in pigs, the 

remaining 2% was assigned to Archaea and Eukaryotes (Xiao et al., 2016). 

Archaea is another group of prokaryotic microorganisms present in the GIT 

microbiota of pigs with Methanobrevibacter being the predominant genus in pigs 

followed by Methanosphaera genus (Mao et al., 2011; Luo et al., 2012; Su et al., 

2014; Federici et al., 2015). Other Archaea species that have been isolated from 

pigs include Thermoplasma genus and Aciduliprofundum boonei (Mao et al., 2011; 

Su et al., 2014). Kazachstania slooffiae, formerly known as Candida slooffiae, is 

the dominant yeast species that typically colonises the GIT of pigs (Van Uden and 

Do Carmo Sousa, 1962; Urubschurov et al., 2011). Other yeast species frequently 

identified in pigs belong to the Galactomyces, Candida, Trichosporon and Pichia 

genera (Urubschurov et al., 2008). The virome is another important component of 

the GIT microbiota in pigs that is characterised by variability and diversity. Some 

of the most commonly isolated viruses belonged to the Picornaviridae, 

Astroviridae, Coronaviridae and Caliciviridae RNA viral families, the Circoviridae 

and Parvoviridae DNA viral families and the Microviridae and Siphoviridae 

bacteriophage families (Shan et al., 2011; Sachsenroder et al., 2014). 

 

1.2.2.2 Bacterial succession with age 

Even though the mammalian GIT is considered sterile at birth, bacterial presence 

in the placenta, amniotic fluid, umbilical cord blood and meconium was evident in 
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humans studies suggesting that intestinal colonisation of the foetus in utero may 

be possible; however further studies in this area are required (Jiang et al., 2019). 

Neonates are rapidly colonised by microorganisms from the vaginal and faecal 

microbiota of the mother as well as the environment during birth and suckling (Kim 

and Isaacson, 2015). This initial microbiota is composed from facultatively 

anaerobic bacteria that reduce the oxygen level within the GIT and, consequently, 

facilitate the colonisation of the obligate anaerobic commensals (Richards et al., 

2005).  

The GIT microbiota in pigs is dynamic characterised by increased richness and 

diversity with age (Kim et al., 2011b; Mach et al., 2015; Chen et al., 2017; De Rodas 

et al., 2018). Compositional changes are quite pronounced during the sucking 

period and peak at weaning due to the concomitant diet alteration (Figure 1.1), 

whereas more subtle shifts are evident once a mature composition is reached at 

around 3 weeks post-weaning (Kim et al., 2011b; Mach et al., 2015; Chen et al., 

2017; De Rodas et al., 2018). At the phylum level, the relative abundance of 

Firmicutes, the dominant phylum in all production stages, was increased and the 

relative abundance of Proteobacteria and Fusobacteria was reduced as pigs aged, 

whereas a more variable response to aging is reported for the Bacteroidetes and 

Actinobacteria relative abundance (Kim et al., 2011b; Slifierz et al., 2015; Zhao et 

al., 2015; Chen et al., 2017). The Clostridiaceae and Enterobacteriaceae were 

identified as the first coloniser in the GIT of neonatal pigs (Petri et al., 2010). The 

GIT and faecal microbiota of suckling pigs is dominated by the Lactobacillaceae 

family with Clostridiaceae, Streptococcaceae, Bacteroidaceae and 

Lachnospiraceae families and Bacteroides, Escherichia/Shigella and 

Fusobacterium genera as major representative bacterial groups (Petri et al., 2010; 

Frese et al., 2015; Mach et al., 2015; Slifierz et al., 2015; Chen et al., 2017). The 

most dramatic changes in the composition of the colonic microbiota were observed 

during the weaning transition and included increases in the relative abundance of 

Prevotellaceae (Prevotella genus), Christensenellaceae (Phascolarctobacterium 

genus) and Ruminococcaceae (no genus specified) families and decreases in the 

relative abundance of Lachnospiraceae (Dorea genus) and Lactobacillaceae 

(Lactobacillus genus) families (De Rodas et al., 2018). The compositional 

disturbances during this period along with the relatively high abundance of the 

Enterobacteriaceae family (Escherichia/Shigella genus), despite its decreasing 
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trend, is of concern due to its potential implications to intestinal health (De Rodas 

et al., 2018) that will be further discussed in Section 1.3. The faecal microbiota 

post-weaning is characterised by increases in the relative abundance of 

Prevotellaceae, Ruminococcaceae, Lactobacillaceae and Veillonellaceae and 

reductions in the relative abundance of Enterobacteriaceae and Bacteroidaceae 

families (Frese et al., 2015). At the genus level, the compositional changes in 

colonic and faecal microbiota of weaned pigs include increases in the relative 

abundance of Prevotella, Coprococcus, Blautia, Roseburia, Lactobacillus, 

Faecalibacterium, Mitsuokella genera and decreases in the relative abundance of 

Bacteroides, Oscilliospira, Escherichia/Shigella, Clostridium and Desulfovibrio 

genera (Mach et al., 2015; Chen et al., 2017; De Rodas et al., 2018; Guevarra et 

al., 2018). During the growing-finisher phase, the relative abundance of Prevotella 

genus, predominant in weaned pigs, decreased in the faeces along with 

Lactobacillus, Megasphaera, Faecalibacterium and Dialister genera, while the 

relative abundance of Anaerobacter (dominant in finisher pigs), Sporoacetigenium, 

Oscillibacter and Sarcina genera was increased (Kim et al., 2011b).   

 

Figure 1.1 Principal coordinate analysis (PCoA) plots of samples grouped by 

tissue and coloured by pig age using Unifrac unweighted distance matrices. A 

clear shift in the composition of the bacterial community in response to weaning 

(day 21) is evident in all GIT regions (De Rodas et al., 2018). 
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1.2.2.3 Bacterial distribution along the GIT 

The mammalian GIT tract consists of: 1) the stomach responsible for the 

chemical degradation of the ingested feed, 2) the small intestine (duodenum, 

jejunum and ileum) whereby enzymatic digestion of simple carbohydrates and 

nutrient absorption occurs and 3) the large intestine (caecum and colon) which is 

the site of microbial fermentation of complex polysaccharides and water and 

electrolyte  re-absorption (Kararli, 1995). The major physiological and 

environmental parameters influencing the quantity and the species of bacteria 

that colonise the different GIT regions are the increasing pH and transit time, the 

decreasing velocity of the digesta flow and oxygen concentration, the frequency 

of peristaltic movements and the substrate availability along with the secretion of 

bile salts in the small intestine (Richards et al., 2005; Zhang et al., 2018). A 

transition from a microbiota dominated by aerobic and facultative anaerobic 

bacterial species in the small intestine to a microbiota consisting of anaerobic and 

strict anaerobic bacterial species in the large intestine has previously been 

reported in pigs in agreement with the oxygen gradient along the GIT (Zhao et al., 

2015).  

In pigs, the composition of the microbiota is similar between the different regions 

of the small or large intestine, whereas the bacterial community of the large 

intestine is compositionally different and richer compared to the one colonising 

the small intestine (Figure 1.2) (Zhao et al., 2015; Zhang et al., 2018). 

Furthermore, the microbiota of the small intestine was less diverse with higher 

inter-animal variation compared to the large intestine (Looft et al., 2014; Crespo-

Piazuelo et al., 2018). At the phylum level, Firmicutes and Proteobacteria were 

dominant in the duodenum, jejunum and ileum, whereas Firmicutes and 

Bacteroidetes dominated the colon and caecum with Proteobacteria being a 

minor population (Looft et al., 2014; Crespo-Piazuelo et al., 2018; Zhang et al., 

2018). The dominant bacterial groups in the small intestine were Lactobacillaceae 

(Lactobacillus genus), Enterobacteriaceae (Escherichia/Shigella genus), 

Clostridiaceae (Clostridium genus) and Peptostreptococcaceae (Terrisporobacter 

genus), whereas the large intestine was dominated by Prevotellaceae (Prevotella 

and Alloprevotella genera), Veillonellaceae (Megasphaera genus), 

Lachnospiraceae (Pseudobutyrivibrio genus) and Ruminococcaceae 

(Faecalibacterium genus)  (Crespo-Piazuelo et al., 2018; Zhang et al., 2018). 



15 
 

The distribution of the mucosa-associated microbiota along the GIT has also been 

evaluated. The composition between the mucosal microbiota of the small intestine 

and large intestine was clearly different with the former displaying lower richness 

and diversity (Kelly et al., 2017). Firmicutes were dominant in the stomach mucosa, 

while Proteobacteria and Firmicutes were the dominant phyla in the duodenal and 

jejunal and ileal mucosa with their relative abundance reducing and increasing, 

respectively, along the small intestine (Kelly et al., 2017; Mann et al., 2014; Zhang 

et al., 2018). Contrarily, Firmicutes and Bacteroides dominated the caecal mucosa 

and the proximal and distal colonic mucosa with Proteobacteria reducing in 

abundance (Kelly et al., 2017; Zhang et al., 2018). The stomach mucosa was 

dominated by the Lactobacillus genus with high inter-animal variation in this 

bacterial population (Mann et al., 2014). The dominant bacterial groups in the small 

intestine were the Campylobacteraceae (Campylobacter genus), 

Helicobacteraceae (Helicobacter genus), Enterobacteriaceae 

(Escherichia/Shigella genus) and Lactobacillaceae (Lactobacillus genus) families, 

whereas the large intestine was dominated by the Prevotellaceae (Prevotella and 

Alloprevotella genera), Ruminococcaceae (Faecalibacterium genus), 

Veillonellaceae (Megasphaera genus) and Lachnospiraceae (Roseburia genus) 

families (Kelly et al., 2017; Zhang et al., 2018). 
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Figure 1.2 Approximate microbial density across the different regions of the GIT 

in pigs and broiler chickens (Yeoman and White, 2014). 

 

1.2.3 Composition of the GIT microbiota in broiler chickens 

1.2.3.1 Core GIT microbiota 

Earlier studies aiming to provide a better understanding of GIT microbiota in 

broiler chickens using 16S rRNA gene analysis showed that this microbial 

community is dominated by low G+C, Gram-positive bacteria (Firmicutes) such 

as members of the Cl. coccoides and Cl. leptum subgroups and Lactobacillus 

genus (Gong et al., 2002; Zhu et al., 2002). A subsequent study analysed all the 

publicly available 16S rRNA gene sequencies isolated from different GIT regions 

and from chickens of different age, breed, diet and geographic location to 

determine the general composition of the GIT microbiota (Wei et al., 2013). Of the 

12 phyla identified, Firmicutes was predominant followed by Bacteroidetes and 

Proteobacteria, whereas Actinobacteria dominated among the minor phyla (Wei 

et al., 2013).  The most abundant genera were Clostridium and Ruminococcus 

followed by Lactobacillus, Bacteroides, Eubacterium, Faecalibacterium, 
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Butyrivibrio, Prevotella, Butyricicoccus, Blautia, Roseburia and Bifidobacterium 

genera, all of which represented the majority of the analysed sequencies, thus, 

constituting the general core GIT microbiota in chickens (Wei et al., 2013). More 

recent studies also reported Firmicutes, Bacteroidetes, Proteobacteria and 

Actinobacteria as the most common phyla in the GIT microbiota of broiler 

chicken; however, slightly more phyla (14 and 15) were identified (Wang et al., 

2016b; Xiao et al., 2017).These studies identified Lactobacillaceae, 

Lachnospiraceae, Bacteroidaceae, Streptococcaceae, Prevotellaceae, 

Enterobacteriaceae and Pseudomonadaceae families and Lactobacillus, 

Enterococcus, Bacteroides, Corynebacterium and Escherichia/Shigella genera as 

the most common members of the GIT microbiota in broiler chickens (Wang et 

al., 2016b; Xiao et al., 2017). These findings are in partial agreement with the 

study by Wei et al. (2013). However, the variation between different studies 

indicates that further research is required to obtain a more accurate estimation of 

the chicken core GIT microbiota.  

Of the non-bacterial components, Archaea represent a minor population in the 

GIT microbiota of chickens (Wei et al., 2013).  Previous studies have identified 

the presence of methanogenic Archaea of the Methanobacteriales order in the 

GIT of broiler chickens (Saengkerdsub et al., 2007b) that most likely belong to the 

Methanobrevibacter genus (Saengkerdsub et al., 2007a). A diverse GIT and 

faecal virome has also been identified in healthy broiler chickens consisting 

predominantly of the Picornaviridae, Astroviridae, Caliciviridae, Reoviridae and 

Picobirnaviridae RNA viral families, the Adenoviridae, Circoviridae, Parvoviridae 

and Herphesviridae DNA viral families and the Siphoviridae bacteriophage family 

(Devaney et al., 2016; Lima et al., 2017). After searching the available literature, 

no studies determining the presence and the predominant species of commensal 

fungi in the GIT of broiler chickens were found. 

 

1.2.3.2 Bacterial succession with age 

Newly hatched commercial chicks are considered to have a sterile GIT that is 

rapidly colonised by the eggshell and environmental microbial communities in the 

absence of direct contact with adult hens (Maki et al., 2020). Nevertheless, a recent 

study reported that the caecum of the embryo chick was colonised by a less diverse 
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microbiota inherited from the oviduct and cloaca of the mother hen indicating the 

presence of vertical transmission in chickens (Lee et al., 2019). The GIT of 

chickens is initially colonised by facultatively anaerobic bacteria that facilitate the 

subsequent establishment of the obligate anaerobic bacteria by reducing oxygen 

presence in the intestinal lumen (Rinttilä and Apajalahti, 2013). 

The effect of age was evident on the richness and diversity of the GIT microbiota 

of broiler chickens, both of which generally increased as birds aged, while bacterial 

composition was different between different age groups (Glendinning et al., 2019; 

Ocejo et al., 2019). Inter-individual variation was also evident and greater in 

younger birds; however, this variation concerned the relative abundance of 

bacterial species rather than the taxonomic composition which was consistent with 

other birds of the same age group (Ocejo et al., 2019). Three developmental stages 

of the composition of the GIT microbiota in broiler chickens have been suggested 

(Figure 1.3). These stages include the initial (day 3, stage 1), maturing (day 14, 

stage 2) and mature (day 42, stage 3) microbiota with the transition duration from 

stage 2 to stage 3 varying between individual birds (intermediate stage) (Ocejo et 

al., 2019). Even though the three stages were initially identified in the caecal 

microbiota another study also observed 3 compositionally different microbiotas in 

the pooled data from crop, gizzard, ileum and caecum of broiler chickens 

corresponding to 8, 15 and 22 days of age with no further differentiation between 

22-36 days of age indicating that these stages may exist across the region-specific 

microbiotas (Ranjitkar et al., 2016). The presence of three developmental stages 

was also observed in the faecal microbiota of broiler chickens with each stage 

starting on day 1, day 3 - 4 and day 10 - 14 (Jurburg et al., 2019). Even though 

specific time points have been associated with each stage, these should probably 

be considered as estimates rather than absolute values as many factors (host 

genetic, diet, husbandry practices, disease etc.) could influence the transition 

between stages. 

Firmicutes was the dominant phylum across all GIT regions and at all ages; 

However, a decreasing trend in its relative abundance was observed in the 

gizzard and caecum of growing birds (Mohd Shaufi et al., 2015; Ranjitkar et al., 

2016; Ocejo et al., 2019). Proteobacteria was highly abundant in young birds but 

became a minor population with increasing age (Mohd Shaufi et al., 2015; 
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Ranjitkar et al., 2016; Ocejo et al., 2019). Bacteroidetes increased and became a 

major or even a dominant phylum in the caecum as birds aged, whereas it was a 

minor population in the other GIT regions (Mohd Shaufi et al., 2015; Ranjitkar et 

al., 2016; Ocejo et al., 2019). Other minor phyla such as Actinobacteria were 

present in the GIT of older birds (Ranjitkar et al., 2016). A similar pattern in the 

bacterial succession at phylum level was also observed in faeces, although 

Bacteroidetes and Actinobacteria had lower and higher relative abundance, 

respectively, in older birds compared to the composition of the GIT microbiota 

(Jurburg et al., 2019).  Lactobacillaceae (Lactobacillus genus) family was 

dominant in the crop across all ages; however, age-dependent variation within 

this bacterial population was evident (Ranjitkar et al., 2016). In the gizzard, 

Lactobacillaceae (Lactobacillus genus) family dominated at all ages, while the 

highly abundant Enterococcaceae (Enterococcus genus) and Lachnospiraceae 

(Roseburia genus) families in young birds were succeeded by Clostridiaceae 

(Clostridium genus), Staphylococcaceae (Staphylococcus genus) and 

Corynebacteriaceae (Corynebacterium genus) families in older birds (Ranjitkar et 

al., 2016). Ruminococcaceae (Ruminococcus genus) was also consistently 

present in the gizzard at relatively stable numbers (Ranjitkar et al., 2016). In the 

duodenum, jejunum and ileum, Lactobacillaceae (Lactobacillus genus) was the 

dominant family at all ages (Ranjitkar et al., 2016; Glendinning et al., 2019).  The 

Enterococcaceae (Enterococcus genus) family was also found in high relative 

abundance in the duodenum, jejunum and ileum of young birds but declined and 

was replaced by Staphylococcaceae (Staphylococcus genus) in the duodenum 

and jejunum and Clostridiaceae (Clostridium and Romboutsia genera) in the 

ileum of older birds (Ranjitkar et al., 2016; Glendinning et al., 2019). Most age-

dependent compositional changes occur in the caecal microbiota. 

Ruminococcaceae (Ruminococcus, Faecalibacterium and Anaerotruncus genera) 

and Lachnospiraceae (Roseburia, Blautia and Coprococcus genera) families 

were consistently present in relatively high abundance with variations observed 

between individual genera e. g. increase in Faecalibacterium relative abundance 

with age (Ranjitkar et al., 2016; Glendinning et al., 2019; Ocejo et al., 2019). 

Lactobacillaceae (Lactobacillus genus) and Enterobacteriaceae (Citrobacter and 

Escherichia/Shigella genera) families were dominant in young birds but sharply 

declined and were succeeded by Bacteroidaceae (Bacteroides genus), 
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Rikenellaceae (Alistipes genus) and Clostridiaceae (Clostridium and Romboutsia 

genus) in older birds (Mohd Shaufi et al., 2015; Ranjitkar et al., 2016; Glendinning 

et al., 2019; Ocejo et al., 2019). In faeces, the initially dominant 

Enterobacteriaceae (Escherichia/Shigella genus) and Streptococcaceae 

(Streptococcus genus) families were succeeded by Lactobacillaceae 

(Lactobacillus genus) and various members of the Clostridiales order such as 

Lachnospiraceae, Ruminococcaceae and Clostridiaceae families (Jurburg et al., 

2019). The latter remained in high abundance in the faecal microbiota of older 

birds that was additionally enriched with other bacterial groups including 

Rikenellaceae (Alistipes genus) and Corynebacteriaceae (Corynebacterium 

genus) families (Jurburg et al., 2019). 

 

Figure 1.3 The three developmental stages of the composition of the GIT 

microbiota in broiler chickens (day 3, 14, 42) with an intermediate stage (day 29).  

Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis 

dissimilarity matrix on relative abundance data in broiler chickens. Colours 

indicate age groups. Ellipses indicate 95% confidence intervals of multivariate t-

distribution around centroids of the groupings with age as factor (Ocejo et al., 

2019). 
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1.2.3.3 Bacterial distribution along the GIT 

The chicken GIT consists of: 1) the crop whereby feed is temporarily stored and 

starch degradation is initiated, 2) the proventriculus and gizzard/ventriculus 

responsible for the chemical and mechanical degradation of the ingested feed, 3) 

the small intestine (duodenum, jejunum and ileum) whereby further enzymatic 

and microbial digestion of simple carbohydrates and nutrient absorption take 

place, 4) the caeca, site of microbial fermentation of complex polysaccharides, 

water and electrolyte re-absorption and nitrogen recycling and 5) the colon 

responsible for water and electrolyte re-absorption (Clavijo and Florez, 2018; 

Feye et al., 2020a). Similar physiological and environmental parameters to 

mammals such as pH, transit time, digesta passage rate, oxygen concentration, 

peristaltic/anti-peristaltic movements, substrate availability and pancreatic and 

bile secretions influence the bacterial numbers and species that colonise the 

different GIT regions of broiler chickens (Feye et al., 2020a).The important role of 

the oxygen concentration into shaping the composition of the microbiota along 

the GIT of broiler chickens is supported by the succession of the facultative 

anaerobic bacterial species in the proximal GIT regions by the strict anaerobic 

bacterial species in the caeca and colon (Choi et al., 2014). 

The richness and diversity of the microbiota varied across GIT regions with 

increased values in the caeca and cloaca followed by the ileum compared to the 

proventriculus, gizzard, duodenum and jejunum (Figure 1.2) (Wang et al., 2016b). 

Furthermore, the GIT microbiota was differentiated into three compositionally 

similar parts, the upper GIT (crop, proventriculus, gizzard, duodenum, jejunum), 

ileal and lower GIT (caeca, colon, cloaca) microbial community, with the former 

characterised by high inter-individual variation (Sekelja et al., 2012; Choi et al., 

2014; Wang et al., 2016b). The dominant phylum across all GIT regions was 

Firmicutes followed by Proteobacteria and Bacteroidetes that were in higher 

abundance in the upper GIT and ileum and lower GIT, respectively (Choi et al., 

2014; Wang et al., 2016b). Actinobacteria represented a minor population that 

was less abundant in the lower GIT (Choi et al., 2014; Wang et al., 2016b). 

Deviations from the above composition at phylum level were reported for the 

crop, whereby Bacteroidetes had higher abundance compared to Proteobacteria 

(Han et al., 2016) and the caecum, whereby Bacteroidetes was predominant with 

Firmicutes being the second most abundant (Xiao et al., 2017). The predominant 
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genus in the crop was Lactobacillus with Bacillus being the second most 

abundant (Han et al., 2016). Lactobacillus was also identified as the dominant 

genus in the proventriculus, gizzard, duodenum and jejunum with 

Corynebacterium and Globicatella genera being also abundant in the two latter 

GIT regions (Wang et al., 2016b; Xiao et al., 2017). Similar to the upper GIT, 

ileum was predominantly colonised by Lactobacillus genus with Enterococcus, 

unclassified Peptostreptococcaceae, Bacteroides and Prevotella being some 

other commonly abundant genera in this GIT region (Han et al., 2016; Wang et 

al., 2016b; Xiao et al., 2017; Johnson et al., 2018). In the caeca, Bacteroides and 

Lactobacillus were the predominant genera followed by Faecalibacterium, 

Ruminococcus, Alistipes, Prevotella, Oscillispira, unclassified Lachnospiraceae 

and unclassified Ruminococcaceae genera (Han et al., 2016; Wang et al., 2016b; 

Xiao et al., 2017; Johnson et al., 2018). As expected, the microbiota colonising 

the colon and the cloaca was a mixture of the ileal and caecal bacterial 

communities and, thus, consisted of Lactobacillus, Enterococcus, unclassified 

Ruminococcaceae, unclassified Lachnospiraceae, Ruminococcus, Bacteroides, 

Alistipes and Faecalibacterium genera (Wang et al., 2016b; Xiao et al., 2017). 

Comparisons between the mucosa-associated microbiotas of the crop, gizzard, 

duodenum, jejunum, ileum and caecum indicated the presence of region-specific 

bacterial communities and an increase in the number and diversity of bacterial 

species in lower GIT regions in agreement with the lumen-associated microbiota 

(Gong et al., 2002; Gong et al., 2007). The crop, gizzard and duodenal mucosa 

was predominantly colonised by Lactobacillus genus (Gong et al., 2007). The 

same bacterial genus dominated in the jejunal and ileal mucosa with members of 

the Clostridia class and Enterococcus genus also being present (Gong et al., 

2002; Gong et al., 2007; Stanley et al., 2012). The caecal mucosa was 

predominantly colonised by clostridia belonging to Cl. leptum, Cl. orbiscindens 

and Cl. coccoides (XIV), followed by Faecalibacterium, Escherichia, Lactobacillus 

and Ruminococcus genera (Gong et al., 2002; Gong et al., 2007).  
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1.3 Gastrointestinal dysbiosis 

A healthy GIT microbiota is characterised by diversity and its ability to maintain its 

compositional and functional stability in response to stress factors such as diet 

change, disease and antibiotics (Lozupone et al., 2012). The ability of the GIT 

microbiota to overcome externally induced perturbations can be differentiated into 

resistance (no compositional changes), resilience (restoration of initial 

composition) and functional redundance (restoration of initial function despite 

compositional changes) (Moya and Ferrer, 2016). Loss of this ability may result in 

dysbiosis, an altered state of the GIT microbiota characterised by loss of 

beneficial bacterial populations and/or pathogen overgrowth and/or disturbances 

in microbial metabolism or functions (DeGruttola et al., 2016). Weaning in pigs 

leads to gastrointestinal dysbiosis that is characterised by compositional 

imbalance and loss of microbial diversity and is considered a predisposing factor 

for gastrointestinal disease such as post-weaning diarrhoea (PWD) and 

Salmonella infection (Gresse et al., 2017). The increased selection for high 

performance breeds in the poultry industry has inadvertently imposed significant 

pressure on the gastrointestinal system, thus, increasing the susceptibility of fast-

growing chicks to intestinal dysfunction and disease with dysbiosis being a 

common predisposing and co-existing condition (Ducatelle et al., 2018). The role 

of gastrointestinal dysbiosis in the development of PWD and Salmonella infection 

in pigs and poultry will be further discussed in the following section. 

 

1.3.1 Weaning and PWD 

In the wild, pigs naturally wean at 10 - 12 weeks of age, which coincides with the 

almost complete development and maturation of the GIT; in contrast, commercial 

weaning occurs at 2 - 4 weeks of age (Moeser et al., 2017). Consequently, weaning 

is the most crucial event in commercial pig farms in terms of animal productivity 

and health. The newly weaned pig not only transits from milk to a solid and more 

complex diet, but is also subjected to additional stressors including separation from 

sow and littermates, co-mingling with unknown pigs, handling and transportation to 

weaner houses/different farms, adaptation to new environmental 

settings/conditions and increased pathogen exposure (Campbell et al., 2013). All 

these stressors result in reduced feed intake, lasting up to 48 hours post-weaning, 
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which is the main driver of the observed gastrointestinal dysfunction, poor 

performance and diarrhoea (McCracken et al., 1999; Dong and Pluske, 2007). 

Villus atrophy during the first 4 - 5 days post-weaning followed by gradual recovery 

is the predominant morphological finding in the small intestine across studies, with 

several of them also reporting crypt hyperplasia, though a decrease in crypt depth 

has also been observed (Spreeuwenberg et al., 2001; Hedemann et al., 2003; 

Boudry et al., 2004; Hu et al., 2013). Gastrointestinal functionality is also impaired 

as indicated by the reduction in brush border enzymes such as lactase, sucrase 

and peptidases and the disturbances in nutrient absorption and electrolyte 

secretion with the latter also contributing to the weaning-associated diarrhoea 

(Hedemann et al., 2003; Boudry et al., 2004; Montagne et al., 2007).The resulting 

maldigestion and malabsorption underly the weight loss observed during the first 4 

- 5 days post-weaning (Spreeuwenberg et al., 2001; Bomba et al., 2014). A 

compromised intestinal barrier characterised by increased paracellular 

permeability, reduced transepithelial resistance and reduced gene expression of 

tight junction proteins is additionally observed at the immediate post-weaning 

period and may lead to overstimulation of the immune system due to increased 

presence of dietary and microbial antigens (Spreeuwenberg et al., 2001; Smith et 

al., 2010; Hu et al., 2013). The activation of the immune system further contributes 

to the reduced intestinal barrier function and diarrhoea in newly weaned pigs. 

Several studies have reported infiltration of immune cells such as lymphocytes, 

macrophages and mast cells in the lamina propria (McCracken et al., 1999; Smith 

et al., 2010), increased expression of genes encoding for inflammatory cytokines 

such as tumour necrosis factor (TNF), interferon gamma (INFG) and interleukins 

IL1B and IL6 (Pié et al., 2004; Hu et al., 2013) and activation of several pathways 

associated with immune responses (Bomba et al., 2014) in the small and large 

intestine of pigs at the immediate post-weaning period. This acute phase (0 - 5 

days post-weaning) is succeeded by the adaptation phase (5 - 15 days) 

characterised by gradual restoration and maturation of the gastrointestinal 

morphology and function and reduced inflammation (Pié et al., 2004; Montagne et 

al., 2007; Hu et al., 2013). Comprehensive reviews on the impact of weaning in 

physiological, morphological and immunological aspects of the GIT have been 

published by Pluske et al. (1997), Lallès et al. (2007) and Wijtten et al. (2011). 
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The composition of the GIT microbiota is also altered in response to the weaning 

stress, diet alteration, reduced feed intake and gastrointestinal dysfunction. 

Several studies have investigated the weaning-induced compositional and 

functional changes in the GIT microbiota of pigs (Pajarillo et al., 2014; Frese et al., 

2015; Chen et al., 2017; Wang et al., 2017; Guevarra et al., 2018). Lactobacillus 

spp. are amongst the intestinal bacterial populations that are frequently monitored 

during the post-weaning period due to their high abundance in pigs and known 

beneficial effects. A significant reduction of this population as well as shifts of the 

dominant strains have been observed in the ileum of pigs post-weaning 

(Konstantinov et al., 2006; Pieper et al., 2008). The decrease in the Lactobacillus 

spp. is transient, as seen in the ileum and faeces of weaned pigs, and is followed 

by restoration or even an increase in its numbers and dominance of strains that 

utilise complex carbohydrates (Pieper et al., 2008; Urubschurov et al., 2011; 

Pajarillo et al., 2014; Frese et al., 2015; Guevarra et al., 2018). Enterobacteriaceae 

is an important indicator of dysbiosis in the faeces of newly weaned pigs, as an 

increase in the counts of this bacterial family was associated with higher incidence 

of diarrhoea (Dou et al., 2017). Nevertheless, the increase in Enterobacteriaceae 

relative abundance is transient under normal circumstances, as this bacterial 

population and its members (Escherichia/Shigella) are minor constituents of the 

maturing GIT microbiota (Pieper et al., 2008; Urubschurov et al., 2011; Frese et 

al., 2015; Chen et al., 2017). The reduction in Bacteroides spp. and increase in 

Prevotella spp. is another common change in the faecal microbiota of weaned pigs 

that is probably associated with the transit from milk mono- and oligo-saccharides 

to plant-derived polysaccharides (Pajarillo et al., 2014; Frese et al., 2015; Wang et 

al., 2017). A stress response of the microbial community in response to weaning 

was evident and was characterised by increased abundance of genes encoding for 

proteins and enzymes involved in heat shock and oxidative stress that are probably 

part of the adaptive microbial mechanism to the challenging environmental 

conditions (Guevarra et al., 2018). The microbial enzymatic profile was also altered 

in weaned pigs as indicated by the increased relative abundance of genes related 

to starch-, β-glucan-, xylose- and arabinose-degrading enzymes and reduced 

relative abundance of genes involved in the catabolism of milk-derived 

carbohydrates (dominant in nursing pigs) (Frese et al., 2015; Guevarra et al., 

2018). An impact of weaning in the counts and composition of yeast and archaeal 



26 
 

populations has also been observed (Urubschurov et al., 2011; Federici et al., 

2015).  

Weaning-induced gastrointestinal dysbiosis is considered a key contributor to the 

development of diarrhoea and predisposes pigs to PWD (Gresse et al., 2017). 

PWD is a multifactorial and economically important disease that typically occurs 

within the first weeks post-weaning and is associated with reduced growth, 

moderate mortality and increased treatment and prevention costs (Fairbrother et 

al., 2005; Luppi, 2017). The most common causative agent of PWD is the α-

haemolytic Gram-negative enterotoxigenic E. coli (ETEC) that colonises the 

epithelium of the small intestine via F4 (ab, ac, ad) and F18 (ab, ac) fimbriae and 

non-fimbrial AIDA (adhesin involved in diffuse adhesion) (Nagy and Fekete, 1999; 

Dubreuil et al., 2016). Adherent ETEC bacteria produce then one or more of the 

heat-labile (LT), heat-stable (STa, STb) and EAST1 (Enteroaggregative E. coli 

heat-stable toxin 1) enterotoxins, resulting in secretory diarrhoea (water and 

electrolyte loss), intestinal barrier dysfunction, dehydration and electrolyte 

imbalance (Nagy and Fekete, 1999; Dubreuil et al., 2016). ETEC 

O149:F4ac:EAST1:LT:STb (may also produce STa) is the predominant strain 

associated with PWD worldwide (Fairbrother et al., 2005; Dubreuil et al., 2016). 

Nevertheless, ETEC presence solely does not suffice for PWD to occur, as other 

factors such as pig genetics, passive immunity from sow, weaning age and stress, 

viral infections, housing conditions and more also contribute to the development of 

the disease (Rhouma et al., 2017). Several studies have investigated the role of 

the weaned GIT microbiota in the development of diarrhoea and PWD. A study 

carried out by Dou et al. (2017) identified Prevotelleaceae, Lactobacillaceae, 

Lachnospiraceae and Ruminococcaceae as faecal indicators of reduced diarrhoea 

incidence post-weaning. Furthermore, reduced Bacteroidetes:Firmicutes ratio and 

Prevotella spp. relative abundance and increases in Escherichia/Shigella and 

Lactococcus genera in jejunum and faeces were considered indicative of GIT 

dysbiosis in diarrhoeal weaned pigs challenged with ETEC, whereas Lactobacillus 

genus was deemed beneficial for recovering from PWD (Bin et al., 2018).  Another 

study also reported differences in the composition of the faecal microbiota that 

influenced the level of ETEC shedding and the ability to clear the infection in 

challenged weaned pigs, however, no specific bacterial groups with predisposing 

or protective effect were identified (Pollock et al., 2018). Dietary interventions are 
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considered a promising strategy to alleviate the negative impact of weaning on the 

growth and gastrointestinal dysfunction and dysbiosis and will be further discussed 

in Section 1.4.  

1.3.2 Salmonella in pigs and broilers 

Salmonella is a Gram-negative, facultative anaerobic, generally motile 

(peritrichous flagella), non-sporulating, rod-shaped bacterium of the 

Enterobacteriaceae family with the ability to survive and replicate intracellularly 

(Agbaje et al., 2011; Quinn et al., 2011). The genus Salmonella includes over 2,500 

serotypes and is divided into two species, S. enterica and S. bongori, and six 

subspecies (subsp. I - VI), with S. enterica subsp. enterica (I) serotypes being the 

cause of most Salmonella infections in humans and warm-blooded animals 

(Agbaje et al., 2011). Additionally, Salmonella serotypes are divided into three 

groups depending on their host specificity; host-restricted (single host, e.g. S. 

Gallinarum), host-adapted (one primary host but potentially pathogenic to other 

hosts, e.g. S. Choleraesuis) and broad host range or generalists (e.g. S. 

Typhimurium, S. Enteritidis) (Silva et al., 2014). From a human health perspective, 

infection with host-restricted or typhoidal Salmonella serotypes (S. Typhi, S. 

Sendai, S. Paratyphi A, B and C) results in enteric fever, a systemic disease with 

high mortality, whereas generalist Salmonella serotypes cause non-typhoidal 

salmonellosis, a relatively mild and self-limited gastroenteritis (Gal-Mor et al., 

2014). Non-typhoidal salmonellosis is among the major foodborne diseases in 

humans worldwide with fever, diarrhoea, abdominal pain, nausea and vomiting as 

clinical signs in healthy adults; however, it can be potentially fatal in elderly, 

children and immunocompromised individuals in cases of severe dehydration or 

bacteraemia and extraintestinal infection (Gal-Mor et al., 2014; World Health 

Organisation, 2018). The high occurrence of antimicrobial resistance (AMR) in 

zoonotic Salmonella serotypes is an additional concern for human health (Nair et 

al., 2018; European Food Safety Authority, 2020). 

The gastrointestinal tract of a wide range of animals can be a source of human 

non-typhoidal salmonellosis via direct contact with the infected animals, 

contaminated animal products (meat, eggs) or fresh produce and contaminated 

environment (Hoelzer et al., 2011; Rukambile et al., 2019). Pigs and poultry, in 

particular, are considered major contributors of Salmonella infection in humans 
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(Cosby et al., 2015; Campos et al., 2019). Their important role in human non-

typhoidal salmonellosis was highlighted in a recent meta-analysis, whereby S. 

Typhimurium was identified as the most prevalent serotype across all four food 

matrices (pork, poultry, beef, seafood) and all continents with pork as the main 

source of infection followed by S. Enteritidis that was predominantly associated 

with poultry (Ferrari et al., 2019). Infection of pigs and poultry with generalist 

Salmonella serotypes is usually asymptomatic and leads to persistent colonisation, 

however, intestinal or systemic disease may be observed in young animals such 

as weaned pigs and newly-hatched chicks (Hoelzer et al., 2011).  

In both animal species, the composition of the GIT microbiota has an important role 

in Salmonella infection. Evaluation of the faecal microbiota of low and high 

Salmonella shedders prior to S. Typhimurium infection in growing pigs identified 

Ruminococcaceae family and Coprobacillus and Phascolarctobacterium genera as 

possible determinants of low or high shedding, respectively (Bearson et al., 2013). 

Compositional differences between high- and low-shedders were also observed at 

the immediate post-infection period with reduction in the relative abundance of 

Prevotella genus being the most pronounced, however, at 21 days post-infection 

both of them were similar to each other and different from the non-infected pigs 

(Bearson et al., 2013). S. Typhimurium infection in weaned pigs led to decreases 

in the relative abundance of several bacterial families such as Lachnospiraceae, 

Ruminococcaceae, Lactobacillaceae, Veillonellaceae and Bifidobacteriaceae in 

the ileum and faeces post-infection, while bacterial genera (e.g. Akkermansia) 

associated with intestinal damage were increased (Arguello et al., 2018). The 

alterations in the composition of the GIT microbiota and increased Salmonella 

colonisation and shedding were associated with increased intestinal and systemic 

inflammatory response, characterised by neutrophil infiltration and increased 

cytokine (e.g. IL1α, IL1β, TNFα) production and expression at the immediate post-

infection period in weaned pigs (Drumo et al., 2015). The development of persistent 

shedders in S. Typhimurium-infected growing pigs was also dependent on the early 

immune response which is characterised by a more intense and broad activation 

of inflammatory genes (Knetter et al., 2015). 

Several studies have shown the protective effect of the GIT microbiota from adult 

hens against Salmonella colonisation in newly hatched chicks. Inoculation of day-
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old chicks with caecal microbiotas from older birds (3-, 16-, 28-, 42-week-old) prior 

to S. Enteritidis infection led to lower Salmonella counts in the caecum (Varmuzova 

et al., 2016). Further investigation revealed that inoculation of day-old chicks with 

caecal microbiota from adult hens was protective when administered a day prior to 

S. Enteritidis infection and ineffective when used as a therapeutic method 

(Varmuzova et al., 2016). In another study, a mere 24-hour contact of day-old 

chicks with an adult hen was adequate to establish a protective caecal microbiota 

against S. Enteritidis colonisation of the caecum and liver with similar effects also 

observed after administration of a commercial competitive exclusion product and 

cultured diluted caecal content from an adult hen (Kubasova et al., 2019). 

Evaluation of the caecal microbiota in contact birds showed increased relative 

abundance Bifidobacteriaceae, Bacteroidaceae, Prevotellaceae, 

Ruminococcaceae. Porphyromonadaceae and Veillonellaceae and reductions in 

Enterobacteriaceae and Lachnospiraceae compared to non-contact control chicks 

(Kubasova et al., 2019). Similarly to pigs, colonisation with generalist Salmonella 

serotypes in newly hatched chicks induced an inflammatory response 

characterised by increased infiltration with immune cells such as granulocytes and 

lymphocytes and expression of cytokines genes (including IL12, IL18, IFNG, C-X-

C motif chemokine ligand 8 (CXCL8)) and inducible nitric oxide synthase (iNOS) in 

the caecal mucosa (Berndt et al., 2007). Whereas pre-inoculation with caecal adult 

microbiota reduced caecal inflammation and Salmonella colonisation (Varmuzova 

et al., 2016). Taken all the above together, the pre-infection composition of the GIT 

microbiota influences the success of Salmonella colonisation and shedding, while, 

post-infection, the Salmonella-induced inflammation leads to alterations in the 

relative abundance of the different bacterial members, thus weakening the 

colonisation resistance of the GIT microbiota and facilitating persistent Salmonella 

infection in pigs and poultry. Bacterial families that may potentially confer 

resistance to Salmonella colonisation and/or reduce shedding in pigs and broiler 

chickens include Ruminococcaceae, Prevotellaceae, Veillonellaceae, 

Bifidobacteriaceae and Lactobacillaceae.  The potential of dietary interventions to 

reduce or prevent Salmonella colonisation via modulation of the GIT microbiota 

and/or direct antibacterial activity will be further explored in the following section. 

 



30 
 

1.4 Traditional and alternative dietary interventions 

Dietary interventions are one strategy with which to prevent or alleviate dysbiosis 

and its associated impact on the growth and health of pigs and broiler chickens. A 

number of dietary supplements have been reported to help maintain a stable and 

diverse microbiota in the GIT, thereby enriching beneficial bacteria and reducing 

pathogen colonisation/overgrowth during challenging periods including weaning 

and bacterial infection. Traditionally, AGP were used to reduce the negative effects 

of such conditions, with ZnO being a successful alterative to control PWD. 

Alternative dietary interventions refer to natural compounds such as casein 

hydrolysates and non-digestible yeast β-glucan and seaweed polysaccharides 

which are the focus of this thesis. The use of natural dietary supplements in 

livestock is more acceptable to consumers and are safer to use. Furthermore, 

these compounds are considered a promising alternative to reduce the need for 

antimicrobials and ZnO and the associated AMR (Murphy et al., 2017). This section 

will expand on each of the above-mentioned traditional and alternative dietary 

interventions as well as their effects on performance and gastrointestinal function 

and health in pigs and broiler chickens. 

 

1.4.1 AGP 

AGP have been used to improve livestock health and production for decades prior 

to the 2006 ban in the EU (Regulation (EC) No. 1831/2003) due to the associated 

AMR. At a worldwide level, AGP use in food-producing animals has decreased 

(14% reduction between 2017 and 2018) according to the latest annual report on 

antimicrobials use in animals published by the World Organisation for Animal 

Health (OIE) (2020). However, they are still applied in low- and middle-income 

countries such as China, India and Brazil, particularly in pig and broiler chicken 

production with an estimated further increase in AGP use due to the intensification 

of production systems (Van Boeckel et al., 2015). The Americas and Asia, Far East 

and Oceania were identified as the OIE regions with the highest proportion of 

countries using antimicrobials for growth promotion in food-producing animals 

(World Organisation for Animal Health (OIE), 2020). AGP principally modulate the 

composition of the GIT microbiota and reduce pathogen colonisation and 

subclinical disease, thus, resulting in improved nutrient availability for growth due 
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to decreased microbial competition, stimulation of immune system, mucus 

production and enterocyte renewal (Dibner and Richards, 2005).  

After summarising the results of the studies performed on the effect of AGP on 

growth and feed efficiency in pigs between 1950 - 1985, Cromwell (2002) reported 

an overall improvement in performance at all production stages. The most 

pronounced effect was observed in weaned pigs with 16.4% and 6.9% increases 

in growth rate and feed efficiency, respectively. In contrast, a study with weaned 

and finishing pigs, performed in 2002, observed only a 5% increase in the growth 

rate of weaned pigs with the deviation from the previous historic summary most 

likely associated with the improved hygiene in modern production systems (Dritz 

et al., 2002). An investigation of the effects of tylosin, a commonly used AGP, on 

the faecal microbiota of growing pigs identified compositional changes at the genus 

level, including increased Lactobacillus spp. and reduced Prevotella spp. (Kim et 

al., 2012a). It was concluded that tylosin supplementation accelerated the 

establishment of a more ‘adult-like’ microbiota, contributing in part to the AGP-

associated improved performance (Kim et al., 2012a). In broiler chickens, AGP 

supplementation improved performance parameters such as body weight (BW), 

average daily gain (ADG), feed intake (FI) and feed conversion ratio (FCR) 

(Khodambashi Emami et al., 2012; Manafi et al., 2019). Furthermore, AGP 

supplementation also influenced the composition of the microbiota in the caeca of 

broiler chickens (Danzeisen et al., 2011; Kim et al., 2011a). However, the nature 

of these changes to the microbiota were dependent on the antimicrobial used. For 

instance, tylosin and virginiamycin increased the relative abundance of 

Gammaproteobacteria and Escherichia genus in the caeca (Danzeisen et al., 

2011), while bacitracin reduced coliform, Salmonella and E. coli counts in the caeca 

(Manafi et al., 2019). 

The main disadvantage of AGP use is the selective pressure they exert on the GIT 

microbiota and animal and foodborne pathogens for AMR, which has potential 

implications for animal and human health (Diarra et al., 2007; Holman and Chenier, 

2013). A recent meta-analysis confirmed the hypothesis that interventions that 

reduce antimicrobial use in livestock production also reduce AMR prevalence in 

animals and humans (Tang et al., 2017). For the latter the association was stronger 

for people in direct contact with animals and less pronounced for the general 
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population (Tang et al., 2017). Further research is required to identify dietary 

supplements with real potential as replacements for the non-therapeutic application 

of antimicrobials in pig and broiler chicken production. 

 

1.4.2 ZnO 

Zinc (Zn) is among the trace elements with a crucial role in various biological and 

physiological processes for animal growth and health as it is a cofactor of hundreds 

of enzymes, numerous transcription factors and other proteins such as collagen 

and keratin (Richards et al., 2010). The Zn nutritional requirement is 100 mg/kg 

diet for weaned pigs to 50 mg/kg for finisher pigs (National Research Council, 

2012), whereas broiler chickens require 35 - 40 mg Zn/kg diet for all production 

stages (National Research Council, 1994). Dietary supplementation of Zn in the 

form of ZnO at a pharmacological dose (>1,500 mg/kg diet) is an established 

alternative to AGP for enhancing pig performance post-weaning as it increased 

ADG, average daily feed intake (ADFI) and growth to feed ratio (G:F) in both early 

and late weaned pigs; however, increase of dietary ZnO concentration over 2,000 

mg/kg diet and for longer than 21 days had no additional benefit (Hill et al., 2001). 

A meta-analysis study confirmed the association of pharmacological ZnO 

concentration with improved ADG, ADFI and G:F post-weaning, even though an 

optimal concentration or duration of supplementation could not be conclusively 

determined (Sales, 2013). ZnO supplementation also reduced the incidence of 

non-specific and ETEC-induced diarrhoea that commonly occurs at the immediate 

post-weaning period (Stensland et al., 2015; Xia et al., 2017; Zhu et al., 2017). The 

EU scientific evaluation regarding the use of ZnO as a preventative dietary strategy 

of PWD in pigs concluded that the beneficial effect of ZnO is achieved when 

supplemented at 2500 ppm in feed for 12 - 14 days post-weaning; nevertheless 

the overall benefit-risk balance was negative, resulting in the decision to ban ZnO 

in the EU by 2022 due to its negative environmental impact and contribution to 

AMR (Annex II, Commission Implementing Decision C(2017) 4529 final and 

EMA/394961/2017).  

A better understanding of the ZnO mechanism on growth promotion in weaned pigs 

has been provided by numerous studies investigating its effects on different GIT 

parameters. In terms of the GIT microbiota, supplementation with high dietary ZnO 
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reduced total anaerobes and lactic acid bacteria counts as well as Lactobacillus 

spp. counts and diversity in the jejunum, ileum, caecum and colon of weaned pigs 

(Hojberg et al., 2005; Starke et al., 2014). A decrease in the relative abundance of 

Lactobacillaceae family and Lactobacillus genus was also reported in the ileum of 

weaned pigs supplemented with high ZnO, while the opposite was observed in the 

caecum and colon (Xia et al., 2017). The effects of high dietary ZnO on the 

Enterobacteriaceae counts is more variable with some studies reporting decreases 

(Starke et al., 2014; Pei et al., 2019), while in others an increase was observed 

(Hojberg et al., 2005; Stensland et al., 2015). Vahjen et al. (2011) suggested that 

the reduced incidence of diarrhoea due to high dietary ZnO may be partly attributed 

to a more diverse Enterobacteriaceae population that results in increased 

competition between its commensal and pathogenic members. Lower microbial 

diversity and changes in the relative abundance of various bacterial groups such 

as decreases in Rumminococcaceae, Prevotellaceae and Lachnospiraceae were 

also observed in the caecum and colon of weaned pigs supplemented with high 

dietary ZnO (Xia et al., 2017). Based on the above, dietary supplementation with 

high dietary ZnO has a major impact on the composition of GIT microbiota with the 

observed variation between studies being associated with the bacterial groups 

present at weaning and their susceptibility to ZnO (Liedtke and Vahjen, 2012).  

High dietary ZnO also reduced intestinal and faecal levels of ammonia, lactate and 

SCFA in weaned pigs further supporting its suppressing effect on the numbers and 

metabolic activity of intestinal microbial populations (Starke et al., 2014; Janczyk 

et al., 2015; Pieper et al., 2020). High dietary ZnO was also associated with 

enhanced feed intake via stimulation of gherlin (appetite hormone) secretion in the 

stomach of weaned piglets, thus resulting in improved performance (Yin et al., 

2009). Additional ways by which high dietary ZnO alleviated the weaning-induced 

dysfunction in the small intestine of weaned pigs include: 1) increased villus height 

(VH) and villus height to crypts depth ratio (VH:CD), 2) improved antioxidant 

capacity, 3) enhanced gene expression of nutrient transporters and tight junction 

proteins, 4) reduced cell apoptosis and 5) decreased gene expression of  

inflammatory markers (Wang et al., 2009; Sargeant et al., 2010; Xia et al., 2017; 

Zhu et al., 2017; Mukhopadhya et al., 2019). 

Nevertheless, dietary supplementation of ZnO at pharmacological doses has 

caused heavy metal accumulation in the environment with negative impacts on 
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plant production and potentially human health (Brugger and Windisch, 2015). 

Furthermore, there is increasing evidence suggesting that ZnO exerts selective 

pressure for heavy metal resistance and AMR on the commensal and potentially 

pathogenic members of the GIT microbiota (Bednorz et al., 2013; Vahjen et al., 

2015; Ciesinski et al., 2018; Johanns et al., 2019). The potential negative 

implications on human health and the imminent ban of ZnO use at pharmacological 

dose in the EU have further increased the need for alternative dietary supplements 

to prevent PWD in weaned pigs.  

1.4.3 Casein hydrolysates  

Plant- or animal-derived protein hydrolysates have been suggested as potential 

alternatives to AGP in animal production with particular focus on the weaned pig, 

as they not only have a nutritional value but may also contain bioactive peptides 

that could improve intestinal function, health and immunity and growth performance 

(Hou et al., 2017). A promising  source of bioactive peptides are hydrolysates of 

the milk protein casein which are produced by enzymatic hydrolysis, microbial 

proteolysis or ripening (Korhonen, 2009). Several biological properties with 

significance to human health have been attributed to casein-derived bioactive 

peptides, including, angiotensin-I converting enzyme (ACE) inhibitory (anti-

hypertensive) (Haque and Chand, 2007), antioxidant (Power et al., 2013), opioid 

and anti-thrombotic effects (Nagpal et al., 2011). However, from an animal 

production and health perspective, the immunomodulatory (Mukhopadhya et al., 

2014; 2015; Bamdad et al., 2017; Toopcham et al., 2017) and antibacterial (Hayes 

et al., 2006; López-Expósito et al., 2006; McCann et al., 2006; Bougherra et al., 

2017) activities of casein-derived bioactive peptides are of interest. Additionally, 

casein-derived peptides may have the potential to modulate the composition of the 

GIT microbiota by stimulating the growth of beneficial members such as the 

Lactobacillus and Bifidobacterium genera (Poch and Bezkorovainy, 1991; Bottari 

et al., 2017). Casein-derived bioactive peptides can also be multifunctional, having 

more than one biological activity. For instance, López-Expósito et al. (2007) 

identified a casein-derived peptide with antibacterial, anti-ACE and antioxidant 

activities.  

A few studies are available on the use of casein hydrolysates as dietary 

supplements in pigs. Dietary supplementation of weaned pigs with a casein 
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hydrolysate had no effect on pig performance and faecal consistency, however, it 

increased caecal Bacteroidetes counts, reduced the gene expression of IL1A, 

CXCL8, IL1B, IFNG, TNF in the duodenum and colon and increased the expression 

of a glucose transporter (GLUT2) in the ileum compared to the non-supplemented 

pigs (Mukhopadhya et al., 2019). It is worth mentioning that the combination of this 

casein hydrolysate with yeast β-glucan had comparable effects to high ZnO 

supplementation on pig performance and parameters of GIT functionality and 

health (Mukhopadhya et al., 2019). This observation was attributed to the 

potentially protective effect of yeast β-glucan on the casein hydrolysate from 

degradation in the upper GIT allowing the latter to exert its beneficial effects 

throughout the gut. In growing pigs, supplementation of a low crude protein (13%) 

diet with a casein hydrolysate enhanced final BW and ADG compared to the control 

(16% crude protein) and low crude protein groups (Wang et al., 2019a; Shen et al., 

2020). A reduction in the relative abundance of Enterobacteriaceae and 

Streptococcaceae and an increase in the relative abundance of Lachnospiraceae 

and L. reuteri, accompanied by increased total SCFA and butyrate production and 

reduced levels of ammonia and other bacterial metabolites of protein fermentation, 

were also observed in the colon of growing pigs supplemented with low crude 

protein and casein hydrolysate (Wang et al., 2019a). Additionally, the gene and 

protein expression analysis showed that the inclusion of the casein hydrolysate in 

the low crude diet was associated with reduced inflammation and increased 

production of mucin-4 and IgA in the colon of supplemented pigs (Wang et al., 

2019a). Thus, casein hydrolysates seem a promising dietary supplement to 

improve pig performance and as an alternative to ZnO in weaned pigs. 

 

1.4.4 Non-digestible polysaccharides with prebiotic potential 

Dietary fibres are natural, soluble or insoluble, non-digestible polysaccharides that 

reach the large intestine mostly intact and are utilised to varying degrees by the 

residing microbiota subsequently providing the host with energy and nutrients 

(Gibson and Roberfroid, 1995; Slavin, 2013; Bindels et al., 2015). Apart from 

dietary fibre, other compounds including non-digestible peptides and proteins, 

certain lipids, polyphenols can have a positive impact on the microbial composition 

and the physiological and immunological components of the GIT (Gibson and 
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Roberfroid, 1995; Gibson et al., 2017). Within the dietary fibres, a subset with 

specific characteristics termed prebiotics were defined by Gibson and Roberfroid 

(1995). 

‘A prebiotic is a non-digestible food (and feed) ingredient that beneficially affects 

the host by selectively stimulating the growth and/or activity of one or a limited 

number of bacteria in the colon and, thus, improves host health’. 

The classification of candidate compounds as prebiotics was based on the 

following set of criteria: 1) resistance to gastric acidity, digestion and absorption in 

the upper GIT; 2) fermentation by the intestinal microbiota; and 3) selection towards 

a more beneficial composition and/or metabolic activity in the colonic microbiota 

with positive effects on host health and wellbeing (Gibson et al., 2004; Roberfroid, 

2007). The interpretation of the last criterion has become the most challenging 

following the recent advances in gut microbiology, i.e. sequencing. The greater 

sensitivity of these new techniques has shown that prebiotics and candidate 

compounds increase more microbial groups, directly or via cross-feeding, than 

initially thought (Bindels et al., 2015; Hutkins et al., 2016). 

This initial definition of the prebiotics has been superseded by several updated 

versions which have been proposed over the last decade resulting in a confusion 

across the scientific community regarding the right definition (Gibson et al., 2004; 

Bindels et al., 2015; Gibson et al., 2017). Furthermore, the increasing interest of 

consumers for natural health-promoting dietary supplements and products and, 

consequently, of food industry and regulatory bodies, rendered necessary a 

consensus definition (Hutkins et al., 2016; Gibson et al., 2017). In 2017, the 

International Scientific Association for Probiotics and Prebiotics consensus panel 

defined dietary prebiotics as non-digestible substrates, selectively utilised by host 

microorganisms and conferring health benefits (Gibson et al., 2017). This new 

broader definition includes non-carbohydrate compounds, expands selectivity to 

several microbial groups and states that any health claim should be linked to 

selective microbial growth and metabolism. 

Prebiotics have an established role in the promotion of human health due to their 

beneficial effects with regard to a range of diseases including cardiovascular 

disease, gastrointestinal disorders, diabetes, colorectal cancer, obesity and 
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allergies (Roberfroid et al., 2010; Slavin, 2013). The potential of prebiotics as 

dietary supplements in pig and broiler chicken production has been explored with 

regard to their ability to enhance animal performance and limit intestinal 

colonisation by animal and foodborne pathogens via their promotion of beneficial 

bacterial genera and their metabolic products in the GIT microbiota (Markowiak 

and Slizewska, 2018; Aluthge et al., 2019; Ricke et al., 2020). In the subsequent 

sections (1.4.4.1 and 1.4.4.2) more details on yeast β-glucan and seaweed-derived 

laminarin and fucoidan, non-digestible polysaccharides with prebiotic potential, will 

be provided along with the findings of previous dietary intervention studies in pigs. 

The potential of laminarin and fucoidan as dietary supplements in broiler chickens 

will also be presented. 

 

1.4.4.1 Yeast β-glucan  

The cell wall of the yeast Saccharomyces cerevisiae has an inner layer composed 

of β-glucans and small amounts of chitin which acts as a scaffold for the outer layer 

of mannoproteins with mannan as the carbohydrate component (Klis et al., 2006). 

Yeast β-glucans are non-digestible, water-insoluble polymers with a branch-on-

branch structure, namely β-(1,3)-linked glucopyranosyl units with β-(1,6) interchain 

branches (Barsanti et al., 2011). The immunomodulatory activity is the most well-

studied property of β-glucans including those derived from S. cerevisiae (Stier et 

al., 2014). Of interest is the potential of β-glucans to alter the composition and/or 

metabolism of the GIT microbiota and consequently host health, a topic reviewed 

in detail by Jayachandran et al. (2018). 

Some preparations of purified yeast β-glucans have been reported to stimulate the 

production of reactive oxygen species (ROS) and pro-inflammatory cytokines, 

TNFα and IL1β in porcine monocytes and neutrophils (Sonck et al., 2010). The 

stimulation of components of the cellular immune response during the yeast β-

glucan supplementation up to 3 days prior to an ETEC challenge might possibly 

explain the reduced pathogen colonisation in weaned pigs as indicated by the 

reduction in faecal ETEC counts, ETEC-specific antibodies and duration and 

severity of diarrhoea in pigs (Stuyven et al., 2009).  However, no such data were 

collected in this study to confirm this assumption. In a weaned pig study, dietary 

supplementation with yeast β-glucan enhanced the humoral response and was 
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associated with an improved cytokine profile characterised by higher IL10 

production and lower TNFα and IL6 levels in plasma and peripheral mononuclear 

cells prior and post an LPS challenge indicating that yeast β-glucan promoted a 

more controlled inflammatory response post-weaning (Li et al., 2005). The anti-

inflammatory effect of yeast β-glucan supplementation was further supported by 

the decreased expression of several cytokine genes including TNF, IL1A, IL6, 

IFNG and IL17A in the colon of weaned and growing pigs (Ryan et al., 2012; 

Sweeney et al., 2012; Mukhopadhya et al., 2019). Yeast β-glucan supplementation 

also changed the composition of the gastrointestinal microbiota in growing pigs, 

mainly a decrease in Enterobacteriaceae counts and a more diverse Lactobacillus 

spp. population, while Bifidobacterium spp. counts were not affected (Sweeney et 

al., 2012; Murphy et al., 2013). However, a decrease in the Bifidobacterium spp. 

counts and an increase in the disease-associated attaching and effacing E. coli 

(AEEC) were observed in the caecum and colon of weaned pigs supplemented 

with yeast β-glucan (Mukhopadhya et al., 2019). In terms of pig performance, yeast 

β-glucan supplementation had no effect on final BW, ADG, ADFI and G:F in the 

studies that these parameters were measured (Sweeney et al., 2012; 

Mukhopadhya et al., 2019). The variation in the effects of yeast β-glucan 

supplementation across studies is probably attributed to different parameters such 

as the structure, purity and extraction method of yeast β-glucan and level and 

duration of dietary inclusion. The immunomodulatory activity of yeast β-glucan 

could justify further investigation of its potential as a dietary supplement during the 

weaning transition.  

 

1.4.4.2 Seaweed polysaccharides 

Marine macroalgae, broadly classified into brown, red and green seaweeds, are a 

major source of novel bioactives with potential benefits on animal and human 

health. While they consist of  ≥94% water, they also contain varying concentrations 

of non-digestible polysaccharides, polyphenols, minerals, vitamins, proteins and 

lipids (Holdt and Kraan, 2011). Of interest are the non-digestible polysaccharides 

of brown seaweeds, namely, alginate and fucoidan which, along with cellulose, are 

structural components of the algal cell wall and storage laminarin and mannitol that 

are located in the cytoplasm (Michel et al., 2010; Holdt and Kraan, 2011; Wang et 
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al., 2016a). Several papers have reviewed the prebiotic, antibacterial, antiviral, 

anti-inflammatory, immunomodulatory, anti-tumour, antioxidant, antihypertensive 

and anticoagulant activities of these polysaccharides (Ahmadi et al., 2015; de 

Jesus Raposo et al., 2015; Shannon and Abu-Ghannam, 2016; Shang et al., 2018; 

Cherry et al., 2019). However, the concentration, structure and bioactivity of the 

seaweed polysaccharides varies with seaweed species, harvest season, 

geographic location and environmental conditions (Kadam et al., 2013; Perez et 

al., 2016; Garcia-Vaquero et al., 2017). Furthermore, the extraction methodologies 

and conditions (i.e. combination of parameters such as solvent, pH, temperature, 

time, solvent to seaweed ratio etc) are an important contributing factor to the 

quantitative, structural and functional variability of seaweed polysaccharides 

(Shannon and Abu-Ghannam, 2016; Perez et al., 2016; Garcia-Vaquero et al., 

2017). Garcia-Vaquero et al. (2017) proposed that traditional and novel extraction 

methodologies could benefit from the use of the response surface methodology, a 

multivariate statistic technique, to identify the optimal combination of parameters in 

an extraction methodology to improve the extraction efficiency of seaweed 

polysaccharides while preserving their bioactivities. The response surface 

methodology is based on the fit of a polynomial equation with the objective of 

making statistical provisions (Garcia-Vaquero et al., 2017). In a subsequent study, 

a novel hydrothermal-assisted extraction (HAE) methodology was described 

whereby the response surface methodology was used to identify the optimal 

combination of temperature, time and solvent to seaweed ratio for the best 

concentration of laminarin and/or fucoidan and/or antioxidant activity (Garcia-

Vaquero et al., 2019). The four identified extraction conditions were as follows: 1) 

120 °C, 62.1 min and 30ml 0.1 M HCl/g seaweed to maximise fucoidan 

concentration (E1), 2) 99.3 °C, 30 min and 21.3 ml 0.1 M HCl/g seaweed to 

maximise laminarin concentration (E2), 3) 120 °C, 76.06 min and 10 ml 0.1 M HCl/g 

seaweed to maximise antioxidant activity (E3) and 4) 120 °C, 80.9 min and 12.02 

ml 0.1 M HCl/g seaweed to maximise all the above (E4). The utilisation of such 

novel extraction methodologies to produce dietary supplements to improve growth 

and gastrointestinal health in pigs and broiler chickens merits further exploration. 

This literature review will be focusing on laminarin and fucoidan and their ability to 

alter the composition of the GIT microbiota, inhibit intestinal pathogens, modulate 
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the immune system, and enhance performance and health in pigs and broiler 

chickens.  

 

1.4.4.2.1 Laminarin 

Laminarins are low molecular weight β-glucans consisting of a linear backbone of 

(1,3)-β-linked glucopyranose residues with a varying level of β-(1,6)-branching 

(Kadam et al., 2015b) (Figure 1.4). Water solubility of laminarin depends on the 

level of branching (Graiff et al., 2016). Laminarin accumulates in the vacuoles of 

algal cells during summer and early autumn to support survival and growth during 

the winter and early spring when it reaches its lowest levels (Adams et al., 2011; 

Kadam et al., 2015b; Schiener et al., 2015). In terms of laminarin quantity, 

Laminaria hyperborea (Figure 1.5a) and L. digitata (Figure 1.5b) were reported to 

have the highest laminarin concentration among the different seaweed species, 

indicating that Laminaria spp. are an important source of this polysaccharide (Graiff 

et al., 2016). 

             

Figure 1.4 Reported chemical structure of laminarin extracted from Laminaria 
digitata (Garcia-Vaquero et al., 2017). 

            

Figure 1.5 a) L. hyperborea (obtained by http://www.outerhebridesalgae.uk/) and 

b) L. digitata (obtained by http://www.freenatureimages.eu/). 

 

a) b) 

http://www.outerhebridesalgae.uk/
http://www.freenatureimages.eu/
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1.4.4.2.1a Antibacterial activity 

Crude laminarin-rich seaweed extracts (Laminaria spp.) have exhibited 

antibacterial activity against E. coli, S. Typhimurium, L. monocytogenes and St. 

aureus in vitro (Kadam et al., 2015a). Similar results were observed with purified 

laminarin (Laminaria spp., Eisenia spp., Cystoseira spp.) from various seaweed 

species, while it was also evident that laminarin was more effective against Gram-

negative than Gram-positive bacteria (Liu et al., 2018b; Sellimi et al., 2018). 

Dietary supplementation with crude or highly purified laminarin-rich extracts 

(Laminaria spp.) reduced Enterobacteriaceae (Rattigan et al., 2020b; Vigors et al., 

2020) and/or the subpopulation of AEEC (Walsh et al., 2013b; Bouwhuis et al., 

2017c) in the caecum and colon of weaned pigs. Similar reductions in ileal and 

colonic coliform counts were observed in growing (Smith et al., 2011; Sweeney et 

al., 2012; Murphy et al., 2013) or finishing pigs (Lynch et al., 2010) supplemented 

with highly purified laminarin-rich extracts (Laminaria spp.). In a dextran sodium 

sulfate (DSS)-induced colitis porcine model, the DSS-challenged pigs 

supplemented with crude (Rattigan et al., 2020a) or highly purified (O'Shea et al., 

2016) laminarin-rich extracts (Laminaria spp.) had reduced Escherichia/Shigella 

relative abundance and colonic Enterobacteriaceae counts, respectively, 

compared to DSS-challenged control pigs.  

In a single study investigating the potential of seaweed polysaccharides against 

experimental infection with Campylobacter jejuni in broiler chicken, a highly purified 

laminarin-rich extract (Laminaria spp.) displayed no such effect (Sweeney et al., 

2017). 

1.4.4.2.1b Prebiotic activity 

Pure cultures of different Bifidobacterium spp. and Bacteroides spp. strains were 

able to use laminarin (Laminaria spp.) when present as a sole carbon source which 

was attributed to the presence of specific β-glucosidase and glucan 1,3-β-

glucosidase genes; however, interspecies variation in the ability to utilise laminarin 

existed (Zhao and Cheung, 2011; Seong et al., 2019). The ability of laminarin to 

stimulate the Bifidobacterium spp. and Bacteroides spp. populations was 

confirmed in a batch fermentation assay inoculated with human faeces whereby 

acetate and propionate production was also increased (Seong et al., 2019). 

Laminarin was considered to be among the bioactives of two polysaccharide-rich 
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L. digitata extracts that contributed to the increase in Parabacteroides genus and 

propionate and butyrate production in a batch fermentation assay with human 

faeces (Strain et al., 2020). Exploration of the rumen microbiota in seaweed-

consuming sheep identified six Prevotella spp. isolates and a Clostridium 

butyricum isolate that could efficiently utilise laminarin as an energy source, further 

supporting its potential as a dietary modulator of the microbiota (Williams et al., 

2013). Another interesting characteristic of laminarin is its relatively slow 

fermentation pattern that was considered an indication that this polysaccharide can 

exert its prebiotic effect throughout the colon (Seong et al., 2019). 

In weaned and grower pig studies, dietary supplementation with crude or highly 

purified laminarin-rich extracts (Laminaria spp.) led to increases and compositional 

changes in the colonic and faecal Lactobacillus spp. populations (Murphy et al., 

2013; Heim et al., 2014; Rattigan et al., 2020b). Similar effects on Lactobacillus 

spp. were also observed in the piglets of laminarin-supplemented sows 

supplemented with highly purified laminarin extracts (Laminaria spp.), further 

supporting the stimulatory effect of laminarin on this bacterial population (Heim et 

al., 2015; Bouwhuis et al., 2017b). It is worth noting that the increase in 

Lactobacillus spp. via maternal supplementation with a highly purified laminarin-

rich extract (Laminaria spp.) was considered a contributing factor to the reduced 

S. Typhimurium shedding in experimentally infected piglets indicating potential 

benefits with regard to animal health and food safety (Bouwhuis et al., 2017b). An 

in-depth investigation of the effects of a crude laminarin-rich extract (Laminaria 

spp.) on the composition of the colonic and caecal microbiota of weaned pigs 

showed an increased relative abundance in Prevotella spp. while its family, 

Prevotellaceae, was positively correlated with improved pig performance and 

SCFA profile (Vigors et al., 2020). Apart from compositional changes, 

supplementation with crude or highly purified laminarin-rich extracts (Laminaria 

spp.) also altered the SCFA production of the gastrointestinal microbiota in pigs 

(Lynch et al., 2010; Sweeney et al., 2012; Rattigan et al., 2020b).  

In broiler chickens, the in ovo injection of a crude laminarin-rich extract (DiNovo®), 

increased faecal Lactobacillus spp. and Bifidobacterium spp. counts, numerical for 

the latter, at the day of hatching (Bednarczyk et al., 2016). Furthermore, several β-

glucan degrading bacterial isolates from the GIT of broiler chickens utilised 
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laminarin as an energy source, thus indicating its potential as a substrate for the 

residing microbiota in this species (Beckmann et al., 2006).   

1.4.4.2.1c Immunomodulatory activity 

Commercial laminarins (Laminaria spp.) with different molecular weight, purity and 

physicochemical characteristics were identified as agonist or antagonists of Dectin-

1, or inactive, depending on their effects on cytokine production in different 

macrophage cell lines (Smith et al., 2018). This finding explains the variability in 

the immunomodulatory effect of laminarin (Laminaria spp.), proinflammatory 

activity (Lee et al., 2012b) or lack of effect (Sonck et al., 2010; Noss et al., 2013), 

that was observed in previous studies. Agonist laminarins also elicited an 

inflammatory response characterised by increased production of TNFα and IL1β, 

IL6 and IL23 in primary peripheral blood monocyte cells, an effect observed with 

the antagonist laminarins when combined with a fungal β-glucan, indicating a 

broader immunomodulatory activity (Smith et al., 2018). This was further confirmed 

by the similar anti-inflammatory effect of laminarin (Laminaria spp.) on murine 

macrophages with or without higher Dectin-1 expression following a 

lipopolysaccharide (LPS) challenge (Su et al., 2020). Apart from Dectin-1, 

laminarin may interact with immune cells via complement receptor type 3 (CR3), 

toll-like receptor 2 (TLR2) and lactosylceramide which could explain the different 

effects on the immune response (Thornton et al., 1996; Novak and Vetvicka, 2008). 

Dietary supplementation with crude or highly purified laminarin-rich extracts 

(Laminaria spp.) exerted an anti-inflammatory effect on the small intestine and 

colon of weaned and growing pigs evidenced by the decreased expression of 

proinflammatory cytokine genes including TNF, TGFB1, IL1A, IL1B, IL6, IL17A and 

IL10,  pattern recognition receptors such as TLR2 and Dectin-1/C-type lectin 

domain containing 7A (CLEC7A) and the transcription factor nuclear factor kappa 

B subunit 1 (NFKB1) (Sweeney et al., 2012; Walsh et al., 2013b; Rattigan et al., 

2020b). An immunosuppressive effect due to laminarin was also observed in the 

colon more specifically related to the down-regulation of genes associated with the 

Th17 pathway (Ryan et al., 2012). The influence of dietary supplementation with 

highly purified laminarin-rich extracts on the immune response of the porcine 

intestinal tissue towards a bacterial stimulus was evaluated in an ex vivo LPS 

challenge model. Here, the colonic tissue of pigs supplemented with highly purified 
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laminarin-rich extracts (Laminaria spp.) had higher expression of IL6 and 

chemokine CXCL8 following the LPS challenge indicating that laminarin might 

provide improved protection against intestinal bacterial infection via enhanced 

activation of the immune system  (Smith et al., 2011; Sweeney et al., 2012).  

The information on the effects of laminarin-rich extracts on the intestinal immune 

system in broiler chickens is limited. Dietary supplementation with a highly purified 

laminarin-rich extract (Laminaria spp.) increased the expression of TLR4 and TNF 

in the ileum of chicks experimentally infected with C. jejuni (Sweeney et al., 2017) 

which is in agreement with the LPS-induced proinflammatory response in the colon 

of laminarin-supplemented pigs. However, studies investigating the 

immunomodulatory effect of laminarin-rich extracts on the gut of healthy chickens 

are not currently available in the published literature. 

 

1.4.4.2.1d Effects of laminarin-rich extracts on pig and broiler performance and 

GIT functionality 

Several studies have demonstrated the benefits of laminarin-rich extracts as a 

dietary supplement during the post-weaning period in pigs. Performance 

parameters such as final BW, ADG, ADFI and G:F were positively influenced in 

weaned pigs supplemented with crude or highly purified laminarin-rich extracts 

(Laminaria spp.) (McDonnell et al., 2010; Walsh et al., 2013a; Heim et al., 2014; 

Bouwhuis et al., 2017c; Rattigan et al., 2020b). Furthermore, dietary 

supplementation with crude or highly purified laminarin-rich extracts (Laminaria 

spp.) led to improved villus architecture in the small intestine mainly characterised 

by increased VH and VH:CD and increased expression of nutrient transporter 

genes, indicating enhanced nutrient digestion and absorption both of which are 

impaired in the immediate post-weaning period (Walsh et al., 2013b; Heim et al., 

2014; Rattigan et al., 2020b). Maternal supplementation with highly purified 

laminarin-rich extracts (Laminaria spp.) was also found to positively contribute to 

growth performance and villus height in the small intestine of the weaned pigs 

(Heim et al., 2015; Bouwhuis et al., 2017b). Diarrhoea, a common characteristic of 

weaning stress, was also reduced by dietary supplementation with highly purified 

laminarin-rich extracts (Laminaria spp.) as indicated by the lower faecal scores 

(FS) in the supplemented weaned pigs (McDonnell et al., 2010; Walsh et al., 
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2013a; Walsh et al., 2013b). Therefore, laminarin-rich extracts seem to be a 

promising dietary alternative to antibiotic growth promoters and ZnO to alleviate 

PWD. 

In broiler chickens, dietary supplementation with a highly purified laminarin-rich 

extract (Laminaria spp.)  increased final BW, weight gain and feed intake, improved 

villus architecture in the ileum and increased expression of the claudin 1 gene, 

which codes for a tight junction protein, thus, suggesting possible enhancement in 

intestinal integrity (Sweeney et al., 2017). In a series of experiments investigating 

alternative administration routes of prebiotics in broilers, in ovo and in water 

administration for the first 7 days, alone or in combination, of a crude laminarin-rich 

extract (DiNovo®) also improved performance parameters along with carcass and 

breast muscle weight and yield (Bednarczyk et al., 2016; Maiorano et al., 2017; 

Tavaniello et al., 2018). The fatty acid composition of meat was also found to be 

beneficially altered from a human nutritional perspective (Tavaniello et al., 2018). 

In particular, the breast muscles of supplemented broiler chickens were 

characterised by lower n-6:n-3 fatty acids ratio, higher polyunsaturated:saturated 

fatty acids ratio and improved thrombogenic index. All these observations highlight 

the potential of laminarin-rich extracts as a dietary supplement which supports 

growth and GIT development in broiler chickens.  

 

1.4.4.2.2 Fucoidan 

Fucoidans are a complex and heterogenous group of water-soluble sulphated 

fucose-rich polysaccharides that contain small quantities of other 

monosaccharides (e.g. xylose, mannose, galactose, rhamnose, glucose) as well 

as glucuronic acids and acetyl groups (Ale and Meyer, 2013). The backbone 

structure of fucoidan consists of (1,3)-α-linked fucopyranose residues or alternating 

(1,3)-α- and (1,4)-α-linked fucopyranose residues with sulphate groups occurring 

mainly at C-2 and C-4 positions and rarely at C-3 (Ale et al., 2011; Ale and Meyer, 

2013). The chemical structure of fucoidans varies between different seaweed 

species (Figures 1.6a-d). Fucoidan concentration peaked in late autumn/early 

winter in the various seaweed species of the Fucales order; however, the observed 

fluctuation was considered relatively small (Fletcher et al., 2017). A higher 

seasonal variation in fucoidan content was reported in two members of the 
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Laminariales order with summer being most likely the best performing period 

(Bruhn et al., 2017). Nevertheless, more studies on fucoidan seasonality across a 

wider range of seaweed species and regions are required to establish the best 

harvest season. Fucose and sulphate content within the total fucoidan also 

presented monthly variation with potential implications in the bioactivity of the 

extracted polysaccharide (Fletcher et al., 2017). Ascophyllum nodosum (Figure 

1.7) is among the fucoidan-rich seaweed species and, thus, is commonly used as 

a source of this polysaccharide (Garcia-Vaquero et al., 2018; Garcia-Vaquero et 

al., 2019). 

 

                    

                                                                                                                          

      

Figure 1.6 Reported chemical structure of fucoidans extracted from a) Laminaria 
saccharina (Laminariales order), b) Chorda filum (Laminariales order), c) Fucus 
serratus (Fucales order) and d) Ascophyllum nodosum (Fucales order) (Ale and 
Meyer, 2013). 

a) b) 

c) d) 
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Figure 1.7 A. nodosum (obtained by http://www.freenatureimages.eu/). 

 

1.4.4.2.2a Antibacterial activity 

In an in vitro screening study, crude fucoidan (Sargassum spp.) inhibited the growth 

of several important human bacterial pathogens, though the effect varied between 

bacterial species (Marudhupandi and Kumar, 2013). Several studies have reported 

that depolymerisation improves the antibacterial activity of fucoidan. Lower 

molecular weight fucoidans (Laminaria spp., Sargassum spp., Undaria spp.) 

reduced Gram-negative E. coli, S. Typhimurium and Klebsiella pneumoniae and 

Gram-positive St. aureus and Bacillus cereus in vitro with better efficacy against 

Gram-negative bacteria, while the crude fucoidans had no effect on the tested 

bacterial strains (Liu et al., 2017; Huang et al., 2018a; Saravana et al., 2018; 

Ashayerizadeh et al., 2020). Palanisamy et al. (2019) also reported an in vitro 

antibacterial activity in a fucoidan fraction (Sargassum spp.) against Gram-

negative bacterial strains comparable to the control antibiotic. The proposed 

antibacterial mechanisms for low molecular weight fucoidans (polyanions) are: 1) 

interference with the cell membrane integrity and permeability leading to leakage 

of cytoplasmic components, cell lysis and death (Liu et al., 2017; Palanisamy et al., 

2019) and 2) nutrient trapping leading to reduced nutrient availability (Huang et al., 

2018a). The concentration-dependent reduction of S. Typhimurium adhesion on a 

human colonic cell line by fucoidan oligosaccharides indicates that this bioactive 

may also interfere with pathogen colonisation (Wang et al., 2015). 

The potential of fucoidan to reduce bacterial populations and specific species 

linked to disease and detrimental to food safety in pigs has also been evaluated. 

http://www.freenatureimages.eu/


48 
 

Dietary supplementation with a highly purified fucoidan-rich extract (Laminaria 

spp.) reduced the colonic Enterobacteriaceae counts in weaned pigs (Walsh et al., 

2013b). Furthermore, a crude fucoidan-rich extract (Laminaria spp.) was identified 

as a dietary supplement, promising with regard to its ability to control S. 

Typhimurium infection in growing pigs, as it reduced faecal shedding and colonic 

and caecal counts of this pathogen in the supplemented group (Bouwhuis et al., 

2017a). 

In broiler chickens supplemented with a crude A. nodosum extract, the observed 

reduction in the caecal C. jejuni counts was thought to be associated in part with 

fucoidan, as this polysaccharide was a significant constituent (≈ 11%) of this extract 

(Sweeney et al., 2016). Nevertheless, other components such as phlorotannins (≈ 

7.4%) were also present and may have contributed to the antibacterial activity.  

 

1.4.4.2.2b Prebiotic activity 

The ability of fucoidan to modulate the gastrointestinal microbiota and its metabolic 

products has been the focus of several studies. In vitro, fucoidan (Fucus spp., 

Sargassum spp., A. nodosum) promoted the growth of Bifidobacterium spp. strains 

and L. delbrueckii subsp. bulgaricus indicating that this polysaccharide can act as 

a substrate for these bacterial populations; however, interspecies variation was 

evident (Zaporozhets et al., 2014; Hwang et al., 2016; Okolie et al., 2019). In a 

batch fermentation study with human faeces investigating the prebiotic potential of 

two fractions of fucoidan (Laminaria spp.) varying in molecular weight, the <30kDa 

fraction stimulated both Bifidobacterium spp. and Lactobacillus spp. populations, 

whereas the >30kDa fraction increased only Bifidobacterium spp. (Kong et al., 

2016). Both fractions additionally altered the SCFA profile by increasing acetate 

and butyrate production (Kong et al., 2016). Fucoidan was considered to be a less 

accessible polysaccharide to the rumen bacteria of seaweed-eating sheep; 

nevertheless, a Cl. butyricum isolate, followed by several Prevotella spp. isolates 

could utilise this polysaccharide to varying extents (Williams et al., 2013). The 

ability of the GIT microbiota to degrade fucoidan (A. nodosum) was further 

supported by the increased relative abundance of Bacteroides spp. and 

propionate, acetate and butyrate production in a batch fermentation assay using 

human faeces (Chen et al., 2018).  
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Fewer studies within the available literature relate to the effects of dietary fucoidan 

on the composition of pig GIT microbiota. The most commonly reported change in 

pigs supplemented with highly purified fucoidan-rich extracts (Laminaria spp.) was 

the increase in Lactobacillus spp. in the colon (Lynch et al., 2010) or faeces 

(McDonnell et al., 2010; Walsh et al., 2013a). In a  recent study, dietary 

supplementation with a crude fucoidan-rich extract (A. nodosum) altered the 

composition of the caecal microbiota, including increases in members of the 

Bacteroidetes phylum, and increased propionate and butyrate (tendency) 

production in the colon of weaned pigs (Rattigan et al., 2019).  

Following extensive research, studies investigating the effect of fucoidan on the 

GIT microbiota in broiler chickens were not available. Nevertheless, several 

reviews on the use of seaweeds and their bioactive components in the diet of 

broilers have been published recently (Haberecht et al., 2019; Kulshreshtha et al., 

2020; Michalak and Mahrose, 2020) indicating that there is active research in this 

area.  

 

1.4.4.2.2c Immunomodulatory activity 

Fucoidan has been identified as a major immunomodulator which influences 

various aspects of the innate and adaptive immune response. Fucoidan (Fucus 

spp.) enhanced dendritic cell (DC) maturation, evidenced by an increased 

expression of specific surface markers (CD40, CD83, CD80, CD86, HLA-DR, MHC 

class II) and TNFα production (Yang et al., 2008; Jin et al., 2009). This was 

combined with a reduction in antigen uptake with activated DCs promoting a Th1 

immune response characterised by increased IL12p70 and IFNγ production in co-

cultures with CD4+ T cells (Yang et al., 2008; Jin et al., 2009). Increased secretion 

of NO and expression of TNF, IL1B, IL6, IL10 and iNOS or TNFα and IL6 

production associated with activation of the NF-κB and MAPK signalling pathways 

were observed in murine macrophages stimulated by crude fucoidan and its more 

potent F2 fraction (Sargassum spp.) (Borazjani et al., 2018) or a low molecular 

weight fucoidan (Undaria spp.) (Bi et al., 2018). To gain a better insight in the 

immunomodulatory activity of fucoidan, Zhang et al. (2015) conducted a series of 

in vitro and in vivo experiments using fucoidans isolated from A. nodosum, Fucus 

vesiculosus, Macrocystis pyrifera and Undaria pinnatifida. All fucoidans delayed 



50 
 

apoptosis and stimulated the production of the proinflammatory cytokines IL6, 

CXCL8 and TNFα in human neutrophils (Zhang et al., 2015). Furthermore, these 

fucoidans were identified as potent adjuvants of cellular and humoral immune 

responses, due to their involvement in the activation, maturation and functionality 

of Natural Killer (NK) cells, DCs, T cells and antibody production in mice (Zhang et 

al., 2015). However, variation in the bioactivity of the fucoidans from different 

seaweed species was also evident (Zhang et al., 2015). Fucoidan most likely 

interacts with the immune cells via pattern recognition receptors scavenger 

receptor class A (SR-A), TLR2 and TLR4 (Jin et al., 2009; Makarenkova et al., 

2012). Fucoidan is also associated with reduced inflammation following bacterial 

stimulus e.g. LPS. A crude fucoidan-rich extract (Sargassum spp.) reduced the 

production and expression of proinflammatory markers such as NO, TNFα, IL1β 

and IL6 proteins and IL1B, iNOS and cyclooxygenase-2 (COX-2) genes and the 

expression of the transcriptional factor NF-κB in murine macrophages following an 

LPS challenge (Hwang et al., 2011). The anti-inflammatory activity of fucoidan was 

also observed in a series of similar studies on LPS-challenged murine 

macrophages whereby fucoidans from different seaweed species (Ecklonia cava, 

L. japonica) were used (Lee et al., 2012c; Ni et al., 2020). Interestingly, molecular 

weight and sulfation level were considered important determinants of the 

immunomodulatory activity of fucoidan (Lee et al., 2012c; Borazjani et al., 2018; Ni 

et al., 2020). These findings suggest that the effect of fucoidan on the immune 

system probably depends on its seaweed source, structure and composition and 

the state of inflammation in the host. 

The anti-inflammatory potential of fucoidan was observed in S. Typhimurium 

infection and DSS-induced colitis models in pigs. Dietary supplementation with a 

crude fucoidan-rich extract (Laminaria spp.) reduced the expression of several 

inflammatory markers, namely TNF, IL6, IL22 and regenerating family member 3 

gamma (REG3G) in the colon of S. Typhimurium-infected pigs (Bouwhuis et al., 

2017a). Furthermore, the increased IL6 expression in the DSS-challenged pigs 

was suppressed by dietary supplementation with a highly purified fucoidan-rich 

extract (Laminaria spp.) (O'Shea et al., 2016). 

A single study investigating the in vitro effect of fucoidan on chicken heterophils, 

monocytes, peripheral mononuclear cells and macrophages was identified, 
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whereby fucoidan stimulated NO production and expression of IL1B, IL6 and C-C 

motif chemokine ligand 4 (CCL4) in chicken macrophages via SR-A receptor 

binding (He et al., 2009). Dietary supplementation with a crude A. nodosum extract 

(≈ 11% fucoidan) altered the expression of inflammatory markers in the ileum and 

colon of C. jejuni-infected chicks; however, other components present in this 

extract e.g. phlorotannins (≈ 7.4%) may also have contributed to the observed 

changes (Sweeney et al., 2016). 

1.4.4.2.2d Effects of fucoidan-rich extracts on pig and broiler performance and 

GIT functionality  

The effects of dietary fucoidan-rich extracts on performance parameters in pigs are 

less pronounced and inconsistent across studies. In weaned pigs, dietary 

supplementation with crude or highly-purified fucoidan-rich extracts (Laminaria 

spp., A. nodosum) had no effect on final BW, ADG, ADFI and G:F (McDonnell et 

al., 2010; Heim et al., 2014; Rattigan et al., 2019), although increases in G:F has 

been previously reported (Walsh et al., 2013a). Improved performance was 

observed in growing pigs supplemented with a crude fucoidan-rich (Laminaria spp.) 

extract in a study with an experimental S. Typhimurium challenge (Bouwhuis et al., 

2017a). Variable results regarding villus architecture and expression of nutrient 

transporters genes in the small intestine of weaned pigs supplemented with crude 

or highly purified fucoidan-rich extracts (Laminaria spp., A. nodosum) were also 

evident across studies (Walsh et al., 2013b; Heim et al., 2014; Rattigan et al., 

2019). Dietary supplementation with crude or highly purified fucoidan-rich extracts 

(Laminaria spp., A. nodosum) was additionally found to reduce faecal scores in 

weaned pigs (Walsh et al., 2013a; Walsh et al., 2013b; Rattigan et al., 2019). The 

improved faecal consistency coupled with the enhanced performance under 

challenging conditions warrant further research into the potential of fucoidan-rich 

extracts as a dietary supplement to prevent or control PWD or Salmonella infection 

in pigs.  

Studies investigating the effects of dietary fucoidan in broiler chicken are scarce. 

Dietary inclusion of two different concentrations of a crude A. nodosum extract 

containing ≈ 11% fucoidan reduced final BW, ADG and ADFI and increased feed 

conversion ratio (FCR) at the higher A. nodosum concentration in broiler chickens 

(Sweeney et al., 2016). Furthermore, the lower A. nodosum concentration was 
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associated with increased VH (numerical) and expression of tight junction genes 

while the higher A. nodosum concentration led to longer and thinner villi in the ileum 

of the respective treatment group (Sweeney et al., 2016). In a recent study, 

supplementation with fucoidan (Sargassum spp.) in broiler chickens had no effect 

on performance, carcass characteristics and villi architecture in the small intestine 

(Shokaiyan et al., 2019). Nevertheless, more studies are required to better 

understand the influence of fucoidan-rich extracts on broiler performance and GIT 

functionality and health.  

 

1.5 Use of in vitro GIT microbiota models and animal studies to 

evaluate the influence of dietary supplements on microbial 

composition and metabolism 

In vitro screening tools could facilitate the identification of the most promising 

compounds among the plethora of available candidates. In vitro pure culture 

growth assays and fermentation models are useful methods for large scale 

evaluation of potential dietary supplements in a relatively short time and indicative 

of the influence that these may have on bacterial growth and the composition and 

metabolic activity of the GIT microbiota (Gibson et al., 2004; Williams et al., 

2005). Some of the main advantages of the in vitro GIT microbiota models 

include relatively simple and easy to use techniques, no ethical constraints, 

reproducibility and dynamic sampling over time to monitor changes in microbial 

composition and metabolites (Venema and van den Abbeele, 2013; Wang et al., 

2019d). Furthermore, the use of such models during the initial stages of 

evaluation of candidate dietary supplements is in line with the 2010/63/EU 

directive concerning the replacement, reduction and refinement of animal use in 

research.  

The in vitro evaluation of the effects of dietary compounds on bacterial growth in 

pure cultures from selected beneficial and pathogenic bacterial strains of 

intestinal origin is common practice in research (Gibson et al., 2004). The basic 

design of in vitro pure culture growth assays include: 1) incorporation of the 

tested dietary compounds into appropriate broth medium, 2) inoculation with 

selected bacterial strains belonging to  Lactobacillus spp., Bifidobacterium spp., 
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E. coli, Bacteroides spp., Clostridium spp. etc, 3) aerobic or anaerobic incubation 

under optimal conditions and 4) determination of bacterial growth by optical 

density measurements or spread plating (Kaplan and Hutkins, 2000; Crittenden et 

al., 2002; Zhao and Cheung, 2011; McDonnell et al., 2012; Andrade et al., 2020). 

Enhanced or reduced bacterial growth in the presence of the tested dietary 

compound are indicative of its ability to act as a substrate or an antibacterial 

agent, respectively, for the particular bacterial strain. However, any prebiotic or 

antimicrobial activity identified with these assays is strain-specific (Gibson et al., 

2004), meaning that any or no observed bioactivity may not necessary concern 

all bacterial members at the species and genus level. Thus, such assays should 

solely be employed for initial screening purposes followed by further investigation 

of the tested dietary compounds using in vitro fermentation models or animal 

studies (Gibson et al., 2004).  

The in vitro fermentation models are divided into static batch fermentation assays 

and continuous fermentation models. Static batch fermentation assays are closed 

anaerobic systems performed in sealed vessels with faeces or intestinal digesta 

as the most used inoculum, that may be combined with an in vitro simulation of 

the digestion in the upper GIT to better mimic the in vivo conditions (Payne et al., 

2012; Wang et al., 2019d). Despite being a convenient and relatively inexpensive 

method, the density of the initial inoculum, the changes in pH and redox potential, 

the lack of nutrient renewal and the accumulation of toxic microbial metabolites 

that result in an altered microbial community limits their use in short-term studies  

(Payne et al., 2012; Venema and van den Abbeele, 2013) Therefore, static batch 

fermentation assays are preferred solely as initial screening tools of candidate 

dietary compounds to assess fermentation rates/extent, profile of microbial 

metabolites and changes in the microbial composition (Wang et al., 2019d). 

Batch fermentation assays, static or with stirring, inoculated with faeces or 

intestinal digesta of pigs from various production stages are commonly used to 

evaluate the modulatory effects of potential dietary compounds on the 

composition and SCFA and ammonia production in the porcine microbiota (Han 

et al., 2014; He et al., 2017; Uerlings et al., 2019) or on Salmonella colonisation 

(Tran et al., 2016a). Batch fermentation assays with stirring inoculated with 

caecal digesta from broiler chickens have also been developed to investigate 

dietary interventions that can alter the composition and SCFA production in the 
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caecal microbiota (Meimandipour et al., 2009) and improve colonisation 

resistance against Salmonella and C. jejuni infection (Rubinelli et al., 2016; Feye 

et al., 2020b).  

Continuous fermentation models provide a better simulation of the GIT microbiota 

in vivo, as these are performed under controlled conditions that resemble the 

gastrointestinal physiological conditions (nutrient influx, waste removal, pH, 

retention time, temperature, anaerobiosis etc), thus, allowing the establishment of 

steady-state microbiota (Payne et al., 2012; Wang et al., 2019d). These are 

further differentiated into single- or multi-stage continuous fermentation models 

depending on the number of vessels used, each one representing a different 

region of the GIT (stomach, small intestine, proximal, transverse and distal colon) 

(Payne et al., 2012; Wang et al., 2019d). These models are considered 

particularly useful for in-depth analysis of the compositional changes in the 

microbiota due to the addition of the tested dietary supplements (Venema and 

van den Abbeele, 2013). Some of the previously described continuous 

fermentation models for pigs are the porcine PolyFermS model, the PigutIVM 

model and baby-SPIME model. The porcine PolyFermS model consists of six 

reactors, an inoculum (immobilised pig faeces), a control and four test reactors, 

all of which simulate the proximal colon, thus, allowing parallel testing of multiple 

dietary supplements over a treatment period (Tanner et al., 2014b) This model 

runs in cycles that include washing, treatment and stabilisation periods (Tanner et 

al., 2014b). The porcine PolyFermS was subsequently considered a promising in 

vitro model to mimic persistent Salmonella infection in pigs and to evaluate the 

effects of probiotics (B. thermophilum), prebiotics (FOS, galacto-

oligosaccharides) or their use as synbiotics on Salmonella colonisation (Tanner et 

al., 2014a). PigutIVM is a single-stage continuous fermentation model that was 

considered to mimic closely both normal conditions and antibiotic-induced 

disturbances in the colonic microbiota of weaned pigs (Fleury et al., 2017). This 

model was also used to evaluate the effects of dietary supplements such as a 

probiotic S. cerevisiae var boulardii strain on the microbial composition in the 

colon (Fleury et al., 2017). An attempt was recently made to develop a multi-

stage continuous fermentation model of pigs, named baby-SPIME, consisting of 

three reactors, stomach/duodenum/jejunum, ileum and proximal colon, that could 

replicate the weaning transition in vitro (Dufourny et al., 2019). Baby-SPIME 



55 
 

provided a good representation of the in vivo microbial composition and 

metabolites in the proximal colon and of the microbial shifts during the weaning 

transition; however, a few discrepancies were observed, especially, in the 

microbiota of the ileum reactor indicating that further improvements in this model 

are required (Dufourny et al., 2019).  A modified single-stage continuous 

fermentation model with a relatively good representation of the chicken caecal 

microbiota was developed to evaluate the impact of an infection with a multi-drug-

resistant monophasic S. Typhimurium strain and of cefotaxime (antimicrobial) use 

(Card et al., 2017). Interestingly, this model was considered a valuable tool for 

monitoring AMR dissemination between the monophasic S. Typhimurium strain 

and commensal E. coli population in the caecal microbiota with or without 

external antimicrobial pressure indicating an alternative application of in vitro 

fermentation models (Card et al., 2017). 

An improvement in in vitro fermentation models was the inclusion of mucin as it 

allowed for better representation of mucin-associated members of the GIT 

microbiota (Van den Abbeele et al., 2012). The addition of mucin-covered 

microcosms in a batch fermentation assay using sow faeces also increased the 

numbers of bacterial groups growing on mucus and modified the composition of 

the faecal microbiota indicating that mucin inclusion in porcine in vitro 

fermentation models may facilitate better simulation of the in vivo conditions (Tran 

et al., 2016b).The lack of the intestinal environment complexity of the host and 

host-microbiota interactions is the major drawback of in vitro fermentation models 

which may be partially overcome via their combination with in vitro intestinal cell 

lines models (Payne et al., 2012). A recent study described such a combined in 

vitro model for the evaluation of potential dietary supplements during the weaning 

transition in pigs, whereby the filtered fermentation supernatants from a stirred 

batch fermentation with faecal inoculum from pre-weaned pigs were added to 

IPEC-J2, a non-transformed porcine intestinal epithelial cell line (Uerlings et al., 

2020). Thus, this model evaluated not only the impact of the different dietary 

compounds on the GIT microbiota but also how their microbial fermentation 

altered the integrity and immune response in the intestinal epithelium.  

Despite the benefits and the improvements in the in vitro GIT microbiota models 

to better simulate the in vivo conditions, animal studies remain the golden 
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standard for evaluating the effects of candidate dietary supplements on growth 

and gastrointestinal functionality and health (Williams et al., 2005). Pig and broiler 

chickens studies could be used to investigate the effects of a tested dietary 

supplement on animal growth, the composition and metabolism of the GIT 

microbiota and other GIT parameters in healthy animals (nutritional intervention 

studies) (Kim et al., 2011a; Rattigan et al., 2019) or the potential of a dietary 

supplement to prevent or reduce pathogen colonisation/shedding and promote a 

healthier composition of the GIT microbiota after an experimental infection 

(challenge studies) (Bouwhuis et al., 2017a; Sweeney et al., 2017). It is worth 

mentioning that the pig GIT and the residing microbiota have been considered a 

useful model for humans concerning the identification of promising dietary 

supplements that can improve intestinal health (Heinritz et al., 2013). The 

suitability of the pig as a model for humans regarding the role of the microbiota in 

health and disease was further supported by the significantly high overlap of the 

human and pig GIT metagenome at the predicted function level despite this 

overlap being modest at the gene level (Xiao et al., 2016). Thus, the use of 

porcine in vitro GIT microbiota models and pig studies for the evaluation of 

dietary supplements could potentially be valuable from a human health 

perspective.    

1.6 Conclusions, thesis hypothesis and objectives of each 

chapter  

The gastrointestinal microbiota has a fundamental role in nutrition, immune 

development/response and protection against intestinal pathogens. However, 

disturbances in the composition, function and/or metabolism of this microbial 

community, called dysbiosis, could have negative impacts on GIT health with 

PWD and Salmonella infection being two characteristic examples in pigs and 

broiler chickens. Dietary interventions are a promising strategy to alleviate or 

prevent dysbiosis and the associated intestinal diseases and disorders that 

negatively impact on performance and health in pigs and broiler chickens. In the 

EU, the increasing concern for AMR and environmental contamination led to the 

2006 ban of AGP use in livestock production and the forthcoming ban on the use 

of high dietary ZnO during the weaning transition and further restrictions in the 

use of antimicrobials for pro- and meta-phylaxis. Thus, there is increasing 
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pressure for alternative dietary supplements that could be used in animal 

production. After reviewing the available literature, several promising candidates 

were identified with potential application to pig and poultry nutrition. Of interest 

were two seaweed polysaccharides, laminarin and fucoidan, due to their 

promising prebiotic, antimicrobial and immunomodulatory activities, and their 

potential as dietary supplements to improve growth and GIT heath and 

functionality and reduce colonisation with foodborne pathogens in newly weaned 

pigs and broiler chickens. As it was previously mentioned, extraction 

methodologies have a major impact on the bioactivities of the extracted seaweed 

polysaccharides, while purification of the crude extracts can increase production 

costs. Thus, fucoidan- or laminarin-rich crude extracts were the focus of this 

thesis and were evaluated in the different chapters. Casein hydrolysates and 

yeast β-glucan were also evaluated in this thesis, as these have previously 

displayed significant immunomodulatory potential and improved GIT function in 

pigs. The overall hypothesis of this thesis was as follows: 

• The candidate dietary supplements, namely crude seaweed extracts, 

casein hydrolysates and yeast β-glucan, will beneficially alter the 

composition of the GIT microbiota and improve growth and GIT health and 

functionality in monogastric animals.  

As the GIT microbiota was the focus in this thesis, two relevant in vitro models, 

namely a batch fermentation assay and pure culture growth assays, were 

employed in Chapters 2 - 4. These in vitro GIT microbiota models were used to 

better understand how casein hydrolysates, yeast β-glucan and polysaccharide-

rich seaweed extracts may influence the composition of the GIT microbiota and 

the growth of selected intestinal beneficial and pathogenic bacterial stains as 

such knowledge is limited for these compounds. The weaned pig was the focus of 

these chapters due to the negative impact of weaning on the composition of the 

GIT microbiota along with the lack of an effective dietary intervention in absence 

of ZnO and antimicrobial use for prophylaxis in the EU by 2022. The objectives of 

each chapter were as follows: 

• Chapter 2 will evaluate the effects of a casein hydrolysate and its 5 kDa 

retentate and yeast β-glucan on: 1) the composition and SCFA production 

in the faecal microbiota of weaned pigs and 2) the growth of selected 



58 
 

beneficial Lactobacillus spp. and Bifidobacterium spp. strains and 

pathogenic S. Typhimurium and ETEC strains; 

• Chapter 3 will investigate: 1) the effects of two whole biomass A. nodosum 

samples collected in February and November (seasonal variation) on 

selected bacterial populations in the faecal microbiota of weaned pigs and 

2) the influence of extraction methods and conditions on the antimicrobial 

and prebiotic potential of A. nodosum extracts using the same bacterial 

strains as in Chapter 2; 

• Chapter 4 will investigate: 1) whether seaweed species and seasonal 

variation in the composition of whole biomass samples of L. digitata and L. 

hyperborea influence their effects on selected bacterial populations in the 

faecal microbiota of weaned pigs and 2) the effects of the different 

conditions of the HAE methodology on the antibacterial and prebiotic 

potential of L. digitata and L. hyperborea extracts using the same bacterial 

strains as in Chapter 2. 

A promising anti-S. Typhimurium extract identified in Chapter 3 will be further 

evaluated in Chapter 5 in a weaned/growing pig model with naturally occurring 

Salmonella infection for its potential as a control dietary strategy with the 

following objectives: 

• A new A. nodosum extract will be produced using the same extraction 

methodology as in Chapter 3 and will be: 1) evaluated for its in vitro 

antibacterial activity against S. Typhimurium using the pure culture growth 

assay described in Chapter 2, 2) investigated and compared to ZnO 

regarding its effects on performance and Salmonella shedding post-

weaning in a newly weaned pig experiment and 3) assessed for its effects 

along with the residual effect of ZnO on pig performance and selected GIT 

parameters after the challenges of pig transfer to the grower houses, 

regrouping and experimental re-infection with S. Typhimurium (challenge 

experiment). 

In previous work of our research group, a laminarin-rich Laminaria spp. extract 

had beneficial effects on performance, nutrient absorption, intestinal integrity and 

inflammation and composition of the GIT microbiota in newly weaned pigs. An 

animal species with similarities to pigs in terms of gastrointestinal ecosystem, 
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intensive production system and intestinal challenges is the broiler chicken for 

which there is limited information on the potential of seaweed extracts as dietary 

supplements. Thus, this extract was considered a promising candidate to be 

assessed in broiler chickens in Chapter 6 with the following objectives: 

• Chapter 6 will: 1) determine the optimal inclusion level of this laminarin-rich 

extract in the diet of broiler chickens to improve performance and 2) 

evaluate its effects on the same GIT parameters as in the newly weaned 

pig experiment. 
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Chapter 2. The in vitro effects of yeast β-glucan, a casein 

hydrolysate and its 5 kDa retentate on selected bacterial 

populations of the gastrointestinal tract of pigs 

 

Accepted to Food & Function
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2.1 Abstract 

 Previously, a dietary supplement consisting of a retentate of casein hydrolysate 

(5kDaR) and yeast β-glucan improved faecal consistency and intestinal health in 

pigs during the post-weaning period. The objectives of this study were to 

determine if the parent casein hydrolysate (CH), the 5kDaR and yeast β-glucan 

individually, can: 1) alter the microbial and short-chain fatty acid (SCFA) profiles 

in a weaned pig faecal batch fermentation assay, and 2) directly influence the 

growth of selected beneficial and pathogenic bacterial strains in individual pure 

culture growth assays. An additional objective of this study was to evaluate if CH 

can be a comparable substitute to 5kDaR.  In the batch fermentation assay, 

diluted pooled pig faeces were mixed with 5, 2.5, 1 and 0 mg/ml CH, 5kDaR and 

yeast β-glucan to investigate their effects on selected bacterial populations and 

SCFA production. In the pure culture growth assays, the effects of the increasing 

concentrations (0, 0.25, 0.5, 1 and 2 mg/ml) of CH, 5kDaR and yeast β-glucan on 

the growth of Lactobacillus plantarum, L. reuteri, Bifidobacterium thermophilum, 

Enterotoxigenic Escherichia coli and Salmonella Typhimurium were evaluated. 

The 5kDaR increased Lactobacillus spp. and Bifidobacterium spp. counts in both 

assays, reduced S. Typhimurium counts in the pure culture growth assays and 

increased butyrate concentration in the batch fermentation assay (P<0.05). CH 

increased Lactobacillus spp. counts in both assays and butyrate concentration in 

the batch fermentation assay (P<0.05). Yeast β-glucan reduced 

Enterobacteriaceae, Bifidobacterium spp. and Prevotella spp. counts and 

butyrate concentration in the batch fermentation assay (P<0.05), with no major 

effects in the pure culture growth assays. In conclusion, the 5kDaR gave the most 

promising result as it consistently increased all beneficial intestinal bacteria and 

butyrate production and reduced S. Typhimurium counts in vitro indicating its 

potential to promote gastrointestinal health, while the parent CH only increased 

Lactobacillus spp. and butyrate production.  
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2.2 Introduction 

Firmicutes, Bacteroidetes and Proteobacteria are the three most dominant phyla 

in the mammalian gastrointestinal (GIT) microbiota (Eckburg et al., 2005; Ley et 

al., 2008; Robles Alonso and Guarner, 2013; Pajarillo et al., 2014; Chen et al., 

2017). Firmicutes are present in the host during all life stages and include 

bacterial species with known beneficial functions such as Lactobacillus spp. 

which contribute to carbohydrate metabolism, competitive exclusion of pathogens 

and immunomodulation (Lebeer et al., 2008; Koeniga et al., 2011; Rajilic-

Stojanovic and de Vos, 2014; Sun et al., 2015; De Rodas et al., 2018). Two 

representative members of Bacteroidetes are the saccharolytic bacteria 

Bacteroides spp. and Prevotella spp. whose numbers are influenced by the 

presence of complex carbohydrates in the diet (Koeniga et al., 2011; Rajilic-

Stojanovic and de Vos, 2014; Frese et al., 2015). Proteobacteria are abundant in 

the microbiota, pre-weaning, but naturally diminish with age in healthy adult 

mammals (Slifierz et al., 2015; Yassour et al., 2016; Chen et al., 2017). Its major 

representative is the Enterobacteriaceae family which include many opportunistic 

pathogens, such as Escherichia coli and Salmonella enterica subsp. enterica 

serotypes (e.g. Typhimurium, Enteritidis) (Croxen et al., 2013; Bonardi, 2017; 

Garcia-Menino et al., 2018). A fourth numerically minor phylum, the 

Actinobacteria, includes the genus Bifidobacterium that is associated with the 

fermentation of complex polysaccharides and maintenance of gut homeostasis by 

promoting pathogen inhibition and a reduction of inflammation in the host 

(O'Callaghan and van Sinderen, 2016; Sarkar and Mandal, 2016). Disturbances 

in the composition of the microbiota can result in dysbiosis (DeGruttola et al., 

2016). Post-weaning diarrhoea in pigs is a classic example of a dysbiotic 

condition whereby pigs have reduced feed intake, resulting in reduced growth 

and performance and leading to significant economic losses (Gresse et al., 

2017). In humans, dysbiosis is associated with a wide range of diseases and 

disorders such as inflammatory bowel disease, colorectal cancer and metabolic 

disorders (DeGruttola et al., 2016).  

Diet is an important driver of the composition of the GIT microbiota. Extensive 

research has been carried out to identify dietary supplements which promote the 

growth of beneficial bacteria and/or inhibit the colonisation of pathogens. Of 
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interest are the bioactive peptides derived from the bovine milk proteins, casein 

and whey. These peptides exhibit a broad range of biological activities such as 

antihypertensive (Haque and Chand, 2007), antioxidative (Power et al., 2013), 

immunomodulatory (Biziulevicius et al., 2006; Gauthier et al., 2006; 

Mukhopadhya and Sweeney, 2016) and antibacterial effects against various 

pathogenic and spoilage bacteria (López-Expósito et al., 2006; McCann et al., 

2006; López-Expósito et al., 2007; Robitaille et al., 2012; Berding et al., 2016). 

Another interesting finding is that the growth-promoting and protective properties 

of milk bioactive peptides extend to beneficial bacteria such as Lactobacillus spp. 

and Bifidobacterium spp. (Poch and Bezkorovainy, 1991; Robitaille et al., 2012; 

Mukhopadhya and Sweeney, 2016; Bottari et al., 2017). Furthermore, there is 

evidence that these bioactive peptides can be multifunctional. For instance, a 

casein peptide exhibiting antibacterial, antioxidant and antihypertensive capacity 

has been previously identified (López-Expósito et al., 2007). 

Recently, dietary supplementation of weaned pigs with a 5kDa retentate (5kaR) 

of a sodium caseinate hydrolysate (CH) combined with yeast β-glucan, a non-

digestible polysaccharide with known immunomodulatory activity (Sweeney et al., 

2012; De Oliva-Neto et al., 2016), alleviated the negative impact of weaning and 

improved faecal consistency (Mukhopadhya et al., 2019). It was hypothesised 

that the yeast β-glucan protected the 5kDaR from hydrolysis in the small 

intestine. While the 5kDaR has established anti-inflammatory activity both in vitro 

(Mukhopadhya et al., 2014; 2015) and in the weaned pig model (Mukhopadhya et 

al., 2019), its direct effects on the GIT microbiota, including, antimicrobial activity 

against pathogens and/or stimulatory effects on beneficial bacterial species are 

still undetermined. To further understand the mode of action of the 5kDaR, a 

batch fermentation assay using faecal inoculum and pure culture growth assays 

were employed as these are established methods with which to investigate the 

effects of bioactive compounds on selected bacterial groups within a microbial 

community and on specific bacterial strains (Gibson et al., 2004; Venema and 

van den Abbeele, 2013). The primary objective of this study was to investigate 

the effects of the CH, its 5kDaR and yeast β-glucan individually on selected 

bacterial populations and on short-chain fatty acid (SCFA) production in the 

faeces of weaned pigs using a batch fermentation assay. Based on the results of 

the primary objective, we then determined if the beneficial changes were evident 
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in specific bacterial species. Thus, the second objective of this study was to 

determine whether the CH, its 5kDaR and yeast β-glucan individually enhance 

the growth of the beneficial genera Lactobacillus spp. and Bifidobacterium spp. 

and/or have antimicrobial activity specific to animal and foodborne pathogens in 

pure culture growth assays. As the production of the 5kDaR is expensive, the 

final objective of this study was to evaluate the potential of CH as a comparable 

substitute to 5kDaR.  

 

2.3 Materials and Methods  

2.3.1 Casein hydrolysates and yeast β-glucan 

The casein hydrolysate (CH) and its 5kDa retentate (5kDaR) were produced from 

the hydrolysis of sodium caseinate (NaCas, ≈90% w/w protein, Kerry Food 

Ingredients, Listowel, Ireland) derived from bovine milk and have been described 

previously (Mukhopadhya et al., 2015). The yeast β-glucan was derived from 

Saccharomyces cerevisiae (Biothera Pharmaceuticals, Inc., Eagan, MI, USA) and 

has been described previously (Sweeney et al., 2012; Mukhopadhya et al., 2019). 

All compounds were stored at room temperature in sealed containers. 

 

2.3.2 Batch fermentation assay 

Faecal inoculum: Faeces from 29 newly weaned crossbred pigs (Large White x 

Landrace) from a commercial farm (Perma pigs Limited, Co. Kildare, Ireland) 

were collected and pooled. The commercial farm had a Salmonella 

seroprevalence of 18% with no other diseases important to pig health and 

production being reported. Weaned pigs were fed a cereal- and milk-based diet. 

The pooled faeces were aliquoted and stored at -20 °C. The faecal inoculum (FI) 

was prepared one day prior to the batch fermentation assay by performing a 5-

fold dilution of the pooled faeces on weight basis (1:5 w/v) in pre-reduced 

phosphate buffered saline (Sigma-Aldrich, St. Louis, MO, USA) after the addition 

of oxyrase (Sigma-Aldrich, St. Louis, MO, USA), an enzyme that removes oxygen 

from the broth. The FI was stored at 4 °C within a sealed container with anaerobic 

conditions established using AnaeroGen 2.5 L sachets (Thermo Fisher Scientific, 

Waltham, MA, USA) (Tran et al., 2016a). 
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Fermentation assay: The modified batch fermentation assay was designed based 

on previous studies (Rossi et al., 2005; Tran et al., 2016a). The media and 

reagents used were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless 

otherwise stated. The composition of the fermentation medium (FM-medium) was 

as follows: 5 g/L yeast extract (Y1625), 10 g/L ascorbic acid (A4544), 10 g/L 

sodium acetate (S5636), 5 g/L (NH4)2SO4 (A3920), 2 g/L urea (U5378), 0.2 g/L 

MgSO47H2O (M2773), 0.01 g/L FeSO47H2O (F8633), 0.007 g/L MnSO4xH2O ( 

M7899), 0.01 g/L NaCl (S5886), 1 ml/L Tween 80 (P4780), 0.05 g/L hemin 

(51280) and 0.5 g/L L-cysteine hydrochloride (C1276). The pH was adjusted to 

7.0. The FM-medium was autoclaved for dissolution and sterilisation and stored 

at 4 °C. The tested casein hydrolysates and yeast β-glucan were diluted in a final 

volume of 21 ml FI/FM medium at 1, 2.5 and 5 mg/ml concentrations. The FI:FM-

medium ratio was 1:10 v/v. The batch fermentation was carried out in glass tubes 

(PYREX™ Disposable Round-Bottom Rimless Glass Tubes, Fisher Scientific, Co. 

Dublin, Ireland) with rubber stoppers (Saint-Gobain Rubber stopper grey blue 

17/22 x H 25MM, VWR, Co. Dublin, Ireland). Anaerobic conditions were 

established and maintained by the addition of oxyrase and CO2 flushing. Control 

tubes (0 mg/ml) containing only FI and FM-medium were also included. All tubes 

were incubated at 39 °C for 24 h with gentle stirring (100 rpm). A volume of 5 ml 

fermentation broth was collected at 0, 10 and 24 h in duplicate tubes. The 

collected samples were centrifuged at 12,000xg for 5 minutes. The supernatants 

and pellets were stored in -20 °C until further analysis. All experiments were 

repeated on three independent occasions, hence, 3 biological replicates. Each 

biological replicate consisted of a single tube per compound concentration (4 

tubes/biological replicate, Figure 2.1). 

 

Figure 2.1 Biological replicate of the batch fermentation assay. 
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2.3.3 Short-chain fatty acids (SCFA) analysis 

The SCFA profile of the supernatants was determined using gas liquid 

chromatography as described by Pierce et al. (2006). Each supernatant sample 

(1 g) was diluted with distilled water (2.5 x weight of sample) and centrifuged at 

1400xg for 10 minutes (Sorvall GLC-2 B laboratory centrifuge, DuPont, 

Wilmington, DE, USA). One ml of the subsequent supernatant and 1 ml of 

internal standard (0.05% 3-methyl-n-valeric acid in 0.15 M oxalic acid dihydrate) 

were mixed with 3 ml distilled water. The reaction mixture was centrifuged at 

500xg for 10 min and the supernatant was filtered through 0.45 PTFE 

(polytetrafluoroethylene) syringe filter into a chromatographic sample vial. An 

injection volume of 1 μl was injected into a Varian 3800 GC equipped with an 

ECTM 1000 Grace column (15m x 0,53 mm I.D.) with 1.20 μm film thickness. The 

temperature programme set was 75-95 °C increasing by 20 °C/minute, which was 

held for 30 seconds. The detector and injector temperature were 280 and 240 °C, 

respectively, while the total analysis time was 12.42 minutes. 

 

2.3.4 Quantification of bacterial groups using quantitative real time 

polymerase chain reaction (QPCR) 

DNA extraction: Microbial genomic DNA was extracted using QIAamp Fast DNA 

stool mini kit (Qiagen, West Sussex, UK) according to the manufacturer’s 

instructions. The DNA quantity and quality were evaluated using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Bacterial primers: The list of the domain-, family- or genus-specific primers 

targeting the 16S rRNA gene of the selected bacterial groups are provided in 

Table 2.1. All bacterial primers were available in the literature. Primers were 

designed using two tools, Primer3 (https://primer3.org/) for larger amplicons 

(>150 bp) and Primer Express™ (Applied Biosystems, Foster City, CA, USA) for 

smaller amplicons (<125 bp), and their specificity was verified using Primer Basic 

Local Alignment Search Tool (Primer-BLAST), 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi. 

https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Plasmid and standard curve preparation: Bacterial genomic DNA from 

Bifidobacterium thermophilum (DSMZ 20210), Lactobacillus plantarum (DSMZ 

20174) and Salmonella enterica subsp. enterica serotype Typhimurium phage 

type (PT) 12 was extracted from pure cultures using DNeasy® Blood & Tissue kit 

(Qiagen, West Sussex, UK), whereas for Prevotella spp. bacterial genomic DNA 

of P. bryantii (DSMZ 11371) was used. Bacterial strains and genomic DNA were 

purchased from Leibniz Institute DSMZ-German Collection of Microorganisms 

and Cell Cultures (Braunschweig, Germany) except for S. Typhimurium PT12 

(Sweeney et al., 2011). The targeted genes were amplified with a conventional 

PCR with the respective primers and genomic locations being outlined in 

Appendix A (Table A.1). The amplicons were incorporated into a vector using the 

TOPO™ TA Cloning™ Kit for Sequencing (Invitrogen, Thermo Fisher Scientific, 

Carlsbad, CA, USA). One Shot™ TOP10 Chemically Competent E. coli were 

transformed according to the manufacturer’s instructions using a heat shock 

method. LB agar (Lennox, Co. Dublin, Ireland) plates containing ampicillin (100 

µg/ml) were inoculated with the bacterial culture (50 µl) using a sterile plate 

spreader and incubated at 37 °C overnight. Individual colonies were re-plated, 

screened for the presence of the plasmid and preserved on cryoprotective beads 

(TS/71-MX, Protect Multi-purpose, Technical Service Consultants Ltd., 

Lancashire, UK) that were stored at -80 °C. The transformed E. coli was re-

cultured by transferring a single cryoprotective bead in 200 ml LB Broth Base 

(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) containing ampicillin 

and incubated at 37 °C for 18 h at 150 rpm. The plasmids carrying the target 

genes were extracted on a large scale using the GenElute™ HP Plasmid 

Maxiprep kit (Sigma-Aldrich, St. Louis, MO, USA) and linearised using APA1 

(Promega, Madison, WI, USA) restriction enzyme according to the manufacturer’s 

instructions. The linearised plasmids were further purified using the GenElute™ 

PCR Clean-Up kit (Sigma-Aldrich, St. Louis, MO, USA). The purified, linearised 

plasmids were quantified spectrophotometrically and copy number/μl was 

determined using an online tool which employs the formula mol/g * molecules/mol 

= molecules/g using Avogadro's number, 6.022x1023 molecules/mol provided by 

the URI Genomics & Sequencing Center (http://cels.uri.edu/gsc/cndna.html). 

Standard curves were prepared using 5-fold serial dilutions for the purposes of 

QPCR.   

http://cels.uri.edu/gsc/cndna.html
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QPCR: The final reaction volume (20 μl) included 3 μl template DNA, 1 μl of each 

primer (10 μM), 5 μl nuclease-free water and 10 μl of Fast SYBR® Green Master 

Mix (Applied Biosystems, Foster City, CA, USA) for the Lactobacillus spp. or 

GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) for the remaining 

bacterial groups. All QPCR reactions were performed in duplicate and were 

carried out on ABI 7500 Fast PCR System (Applied Biosystems, Foster City, CA, 

USA). The cycling conditions included a denaturation step of 95 °C for 10 mins 

followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Dissociation curves 

were generated to confirm the specificity of the resulting PCR products. In 

addition, the PCR products were visualised on an agarose gel stained with 

ethidium bromide, to ensure that the PCR products from the sample and plasmid 

were of equal size. The efficiency of each QPCR reaction was established by 

plotting the threshold cycles (Ct) derived from 5-fold serial dilutions of the plasmid 

against their arbitrary quantities and only assays exhibiting 90 – 110% efficiency 

and single products were used in this study. Bacterial counts were determined 

using a standard curve derived from the mean Ct value and the log transformed 

gene copy number of the plasmid and expressed as log transformed gene copy 

number per gram of digesta (logGCN/g digesta). 

 

Table 2.1 List of forward and reverse primers used for the bacterial quantification 

by QPCR. 

Target bacterial 
group 

Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm (°C) References 

Total bacteria F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

291 64.2 
52.4 

Frank et al. 
(2007) 

Lactobacillus spp. F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

341 54.5 
55.2 

Metzler-Zebeli 
et al. (2010) 

Bifidobacterium spp. F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

125 60.3 
59.8 

Penders et al. 
(2005) 

Enterobacteriaceae F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

185 54.0 
56.3 

Takahashi et 
al. (2017) 

Prevotella spp. F: CACRGTAAACGATGGATGCC 
R: GGTCGGGTTGCAGACC 

514 58.3 
56.9 

Matsuki et al. 
(2002) 

bp, base pairs; Tm, melting temperature. 
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2.3.5 Bacterial strains and growth conditions 

The strains L. plantarum (DSMZ 20174), L. reuteri (DSMZ 20016) and B. 

thermophilum (DSMZ 20210) were selected as they are commensals with well 

characterised health-promoting properties. The selected pathogenic strains were 

the enterotoxigenic Escherichia coli (ETEC) O149A+ that is involved in the post-

weaning diarrhoea of weaned pigs and S. Typhimurium PT12, an important 

foodborne pathogen. Specific information for each bacterial strain is provided in 

Appendix B (Table B.1). L. plantarum, B. thermophilum and S. Typhimurium 

strains were as above, L. reuteri strain was purchased from Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures and ETEC was 

kindly provided from the Central Veterinary Research laboratory (DAFM-

Laboratories Backweston, Co. Kildare, Ireland).  

All bacterial strains were revived from cryoprotective beads that were stored at -

20 °C. L. plantarum and L. reuteri were inoculated in 10 ml volume of de Man, 

Rogosa and Sharpe broth (MRS, Oxoid Ltd., Hampshire, UK) and incubated 

aerobically at 37 °C for 48 h. B. thermophilum was streaked onto MRS agar 

(MRSA, Oxoid Ltd., Hampshire, UK) and incubated anaerobically at 37 °C for 48 

h. Anaerobic conditions were established within sealed containers using 

AnaeroGen 2.5 L and 3.5 L sachets (Thermo Fisher Scientific, Waltham, MA, 

USA). ETEC and S. Typhimurium were inoculated in 10 ml Tryptone Soya Broth 

(TSB, Oxoid Ltd., Hampshire, UK) and incubated aerobically at 37 °C for 48 h. All 

bacterial strains were sub-cultured by transferring 1 ml of the previous culture to 9 

ml of the respective sterile medium and incubated aerobically at 37 °C for 24 h. In 

the case of B. thermophilum a few colonies were inoculated into 10 ml MRS and 

incubated anaerobically at 37 °C for 24 h. The Lactobacillus spp. strains and 

ETEC and S. Typhimurium cultures were additionally streaked on MRSA and 

Tryptone Soya Agar (TSA, Oxoid Ltd., Hampshire, UK) respectively to ensure 

purity. The 24 h cultures were used for the subsequent assays.  

 

2.3.6 Pure culture growth assays 

The assays were designed based on methodologies from previous experiments 

with some modifications (Kontula et al., 1998; Kaplan and Hutkins, 2000; 

Crittenden et al., 2002). The assays were carried out in 96-well microtiter plates 



70 
 

(CELLSTAR, Greiner Bio-One, Kremsmünster, Austria). Casein hydrolysates and 

yeast β-glucan were diluted in 10% MRS and 10% TSB at a working 

concentration of 4 mg/ml and stored at 4 °C. Contamination checks were 

performed regularly to ensure the sterility of the subsequent assays. Further 2-

fold dilutions (2 - 0.25 mg/ml) were performed each time prior to the assay. All 

bacterial strains were diluted in 10% medium (MRS or TSB) to obtain an 

inoculum of 106 - 107 CFU (colony-forming unit)/ml with initial bacterial 

enumeration being performed each time. 100 μl of each compound and each 

dilution was transferred to duplicate wells and 100 μl inoculum was added. 

Control wells containing 100 μl of 10% medium and 100 μl inoculum were also 

included. To evaluate the sterility, blank wells containing 100 μl of 10% medium 

and 100 μl of each dilution of each compound were included. Plates were 

agitated gently to ensure thorough mixing and incubated aerobically at 37 °C for 

18 h, apart from B. thermophilum that was incubated anaerobically.  

After incubation, spread plating was used to determine both the bacterial viability 

and counts at the increasing concentrations of each compound. A modified Miles 

and Misra method was used to determine the final bacterial concentration (Miles 

et al., 1938). Briefly, the content of the wells was mixed by pipetting and 25 μl 

from each well was transferred to 225 μl Maximum Recovery Diluent (MRD, 

Oxoid Ltd., Hampshire, UK). Following a 10-fold serial dilution (10-1 - 10-8), 20 μl 

was transferred onto MRSA for L. plantarum, L. reuteri and B. thermophilum and 

TSA for ETEC and S. Typhimurium. Plates were incubated aerobically at 37 °C 

for 24 h with the exception of B. thermophilum which was incubated anaerobically 

at 37 °C for 48 h. The dilution resulting in 5 - 50 colonies was selected to 

calculate CFU/ml using the formula CFU/ml = Average colony number * 50 * 

dilution factor. Bacterial counts were logarithmically transformed (logCFU/ml) for 

the subsequent statistical analysis. All experiments were carried out with 

technical replicates on three independent occasions, hence, 3 biological 

replicates. 
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2.3.7 Statistical analysis 

Statistical analysis was performed using Statistical Analysis Software (SAS) 9.4 

(SAS Institute, Cary, NC, USA). All data were initially tested for normality using 

PROC UNIVARIATE procedure.  

Batch fermentation assay: To determine the robustness of the assay over time, 

the bacterial counts of the selected bacterial groups in the untreated control 

flasks (n=9) were analysed by repeated measures analysis using the PROC 

MIXED procedure (Littell et al., 2006) with the fixed effect of time (0, 10 and 24 

h).  The bacterial counts of the selected bacterial groups and SCFA in all flasks 

(0, 1, 2.5 and 5 mg/ml) for each tested compound (n=12, 3 flasks/each compound 

concentration) were analysed by repeated measures analysis using the PROC 

MIXED procedure. The statistical model included the fixed effects of compound 

concentration (0, 1, 2.5 and 5 mg/ml), time (0, 10 and 24 h), assay replicate (3 

biological replicates) and their associated interactions.  

Pure culture growth assay: The bacterial counts from the pure culture growth 

assays were analysed using PROC GLM procedure for the presence of linear 

and quadratic effects of concentration for each compound. The biological 

replicate was the experimental unit. The LSMEANS statement was additionally 

used to calculate the least-square mean values and the standard error of the 

means (SEM). 

Probability values of <0.05 denote statistical significance, whereas probability 

values between 0.05 and 0.1 are considered numerical tendencies. Results are 

presented as least-square mean values ± SEM.  

 

2.4 Results 

2.4.1 Evaluation of the robustness of the batch fermentation assay   

The ability of the batch fermentation assay to maintain a complex faecal bacterial 

community was evaluated by determining the changes in the counts of the 

selected bacterial groups in the untreated control tubes (0 mg/ml) at the different 

time points, presented in Table 2.2. The counts of total bacteria initially 

decreased at 10 h before increasing at 24 h (P<0.05). The counts of Lactobacillus 

spp. increased to the greatest extent at 10 h. (P<0.05). The counts of 
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Bifidobacterium spp. increased predominantly at 24 h (P<0.05).  The counts of 

Enterobacteriaceae increased at 10 h solely (P<0.05). The counts of Prevotella 

spp. decreased at both time points; a major drop at 10 h followed by a minor 

reduction at 24 h (P<0.05).  

 

Table 2.2 Effect of time on the log transformed gene copy number/g faeces of the 

different bacterial groups (Least-square mean values with their standard errors). 

Bacterial group (logGCN/g 
faeces) 

Time SEM P-value 

0h 10h 24h Time effect 

Total bacteria 9.24b 8.99a 9.70c 0.085 <0.001 

Lactobacillus spp. 8.20a 8.42b 8.55c 0.060 <0.001 

Bifidobacterium spp. 6.11a 6.21b 6.53c 0.053 <0.001 

Enterobacteriaceae 6.93a 8.01b 8.11b 0.048 <0.001 

Prevotella spp. 8.82c 7.87b 7.75a 0.057 <0.001 

logGCN/g faeces, log transformed gene copy number per gram of faeces. 

a,b,c Mean values within a row with different superscript letter were significantly 

different (P<0.05). 

 

 

2.4.2 Effects of casein hydrolysates and yeast β-glucan on the selected 

faecal bacterial populations 

The effects of the different concentrations of CH, 5kDaR and yeast β-glucan on 

the selected bacterial populations were evaluated in the batch fermentation 

assay. As expected, there was a time effect on the counts of all tested bacterial 

groups (P<0.05). The effects of time and compound concentration and their 

interaction are presented in Figures 2.2 - 4 and are described below. This data is 

also available in Tables C.1 - 3 of Appendix C. 

CH (Figure 2.2, Table C.1): There was a CH concentration x time interaction on 

Lactobacillus spp., Bifidobacterium spp. and Prevotella spp. counts. Lactobacillus 

spp. counts were increased at all CH concentrations at 10 h compared to the 

control (P<0.05), but not at 24 h (P>0.05). Furthermore, the inclusion of 2.5 and 5 

mg/ml led to higher Lactobacillus spp. counts at 10 h compared to 1 mg/ml 

(P<0.05). Bifidobacterium spp. counts were decreased at 5 mg/ml at both time 

points compared to the control (P<0.05). However, an increase in Bifidobacterium 
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spp. counts was observed at 2.5 mg/ml at 10 h compared to the control (P<0.05). 

Prevotella spp. had a very variable response to the different concentrations of 

CH. The most interesting effect was the increase in Prevotella spp. counts at 1 

and 2.5 mg/ml at 10h compared to the control (P<0.05). CH had no effect on the 

counts of total bacteria and Enterobacteriaceae at all concentrations and time 

points (P>0.05).  

5kDaR (Figure 2.3, Table C.2): There was a 5kDaR concentration x time 

interaction on total bacterial, Lactobacillus spp. and Bifidobacterium spp. counts. 

Total bacterial counts were increased at 5 mg/ml at both time points compared to 

the control (P<0.05). Total bacterial counts were initially reduced at 2.5 mg/ml 

compared to the control at 10h before increasing at 24h (P<0.05). Lactobacillus 

spp. counts were increased at 5 mg/ml at both time points compared to the 

control (P<0.05). Bifidobacterium spp. counts were increased at all 

concentrations at 10 and 24 h compared to the control (P<0.05). There was an 

effect of the 5kDaR concentration on the Enterobacteriaceae and Prevotella spp. 

counts. Overall, the inclusion of 5 mg/ml increased the Enterobacteriaceae 

counts compared to the control (7.73 vs 7.63 ± 0.023, P<0.05) and Prevotella 

spp. counts compared to the control (8.19 vs 8.11 ± 0.014, P<0.05).  

Yeast β-glucan (Figure 2.4, Table C.3): There was a yeast β-glucan 

concentration x time interaction on Bifidobacterium spp., Enterobacteriaceae and 

Prevotella spp. counts. Bifidobacterium spp. counts were decreased at 2.5 and 5 

mg/ml at 10 and 24 h compared to control (P<0.05). Bifidobacterium spp. counts 

were also decreased at 1 mg/ml at 10 h compared to control (P<0.05), but not at 

24 h (P>0.05). Furthermore, the inclusion of 5 mg/ml led to the lowest 

Bifidobacterium spp. counts at both time points compared to all other yeast β-

glucan concentrations (P<0.05). Enterobacteriaceae counts were decreased at 1 

mg/ml at 10 and 24 h compared to the control (P<0.05). Enterobacteriaceae 

counts were also decreased at 2.5 and 5 mg/ml at 24h compared to the control 

(P<0.05). A decrease in Prevotella spp. counts was observed at all yeast β-

glucan concentrations at 10 and 24 h compared to the control (P<0.05). 

Furthermore, the inclusion of 5 mg/ml led to the lowest Prevotella spp. counts at 

both time points compared to all other yeast β-glucan concentrations (P<0.05). 

There was an effect of yeast β-glucan concentration on the counts of total 
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bacteria. Overall, the total bacterial counts were decreased at all yeast β-glucan 

concentrations compared to the control [9.25 (1 mg/ml), 9.30 (2.5 mg/ml) and 

9.29 (5 mg/ml) vs 9.44 (control, 0 mg/ml) ± 0.024, P<0.05]. Yeast β-glucan had 

no effect on Lactobacillus spp. counts at all concentrations and time points 

(P>0.05)
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Figure 2.2 Effect of CH on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp., d) Enterobacteriaceae and e) Prevotella spp. in the batch fermentation assay (Least-square mean values with 

their standard errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces. 

 

a) b) 

e) d) 

c) 
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Figure 2.3 Effect of 5kDaR on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp., d) Enterobacteriaceae and e) Prevotella spp. in the batch fermentation assay (Least-square mean values with 

their standard errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces. 

d) 

b) c) a) 

e) 
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Figure 2.4 Effect of yeast β-glucan on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp., d) Enterobacteriaceae and e) Prevotella spp. in the batch fermentation assay (Least-square mean values with 

their standard errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces. 

a) b) c) 

d) e) 
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2.4.3 Effects of casein hydrolysates and yeast β-glucan on SCFA 

production 

The effects of the different concentrations of CH, 5kDaR and yeast β-glucan on 

the SCFA production were also evaluated in the batch fermentation assay. The 

effects of time and compound concentration and their interaction are presented in 

Figures 2.5 - 7 and are described below. This data is also available in Tables C.1 

- 3 of Appendix C. 

CH (Figure 2.5, Table C.1): There was a CH concentration x time interaction on 

butyrate concentration. There was no effect of any CH concentrations at 10 h, 

however, butyrate concentration was increased at all CH concentrations at 24h 

compared to the control (P<0.05). Furthermore, the increase in butyrate 

concentration was higher at 1 mg/ml at 24 h compared to 5 mg/ml (P<0.05). CH 

had no effect on total SCFA, acetate and propionate at all concentrations and 

time points (P>0.05). 

5kDaR (Figure 2.6, Table C.2): There was a 5kDaR concentration x time 

interaction on butyrate concentration. There was no effect of any 5kDaR 

concentrations at 10 h, however, butyrate concentration was increased at all 

5kDaR concentrations at 24h compared to the control (P<0.05). Furthermore, the 

increase in butyrate concentration was higher at 1 and 2.5 mg/ml at 24 h 

compared to 5 mg/ml (P<0.05). 5kDaR had no effect on total SCFA, acetate and 

propionate at all concentrations and time points (P>0.05). 

Yeast β-glucan (Figure 2.7, Table C.3): There was a yeast β-glucan 

concentration x time interaction on butyrate concentration. Butyrate concentration 

was decreased at 5 mg/ml at 10 and 24 h compared to the control (P<.0.05). 

Butyrate concentration was also reduced at 1 and 2.5 mg/ml at 10 h (P<0.05), but 

not at 24 h (P>0.05). There was an effect of yeast β-glucan concentration on total 

SCFA, acetate and propionate concentrations. Overall, total SCFA concentration 

was reduced at 5 and 2.5 mg/ml compared to control [28.49 (2.5 mg/ml) and 

29.34 (5 mg/ml) vs 31.43 (control, 0 mg/ml) ± 0.580, P<0.05]. The inclusion of 2.5 

mg/ml additionally reduced the overall acetate concentration compared to the 

control (26.35 vs 28.90 ± 0.512, P<0.05) and propionate concentration compared 

to the control (0.50 vs 0.63 ± 0.031, P<0.05). 
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Figure 2.5 Effect of CH on the concentrations of a) acetate, b) butyrate, c) propionate and d) total SCFA in the batch fermentation 

assay (Least-square mean values with their standard errors). SCFA, short-chain fatty acids. 

a) b) 

c) d) 
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Figure 2.6 Effect of 5kDaR on the concentrations of a) acetate, b) butyrate, c) propionate and d) total SCFA in the batch 

fermentation assay (Least-square mean values with their standard errors). SCFA, short-chain fatty acids. 

a) b) 

c) d) 
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Figure 2.7 Effect of yeast β-glucan on the concentrations of a) acetate, b) butyrate, c) propionate and d) total SCFA in the batch 

fermentation assay (Least-square mean values with their standard errors). SCFA, short-chain fatty acids.  

a) b) 

c) d) 
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2.4.4 Stimulatory and antibacterial properties of casein hydrolysates and 

yeast β-glucan in pure bacterial cultures 

The effects of the increasing concentrations of CH, 5kDaR and yeast β-glucan on 

the growth of a panel of selected beneficial (L. plantarum, L. reuteri, B. 

thermophilum) and pathogenic (ETEC, S. Typhimurium) bacterial strains were 

evaluated in the pure culture growth assays and are presented in Table 2.6. 

CH: There was a linear increase in the counts of L. plantarum and S. 

Typhimurium in response to the increasing CH concentrations (P<0.05). CH did 

not have any effect on the counts of L. reuteri, B. thermophilum and ETEC at the 

concentrations tested (P>0.05). 

5kDaR: There was a beneficial linear increase in the counts of L. plantarum and 

B. thermophilum in response to the increasing 5kDaR concentrations (P<0.05). 

There was a beneficial quadratic effect of the increasing 5kDaR concentrations 

observed in L. reuteri with maximum counts observed at 0.25 mg/ml (P<0.05). 

There was a beneficial quadratic effect of the increasing 5kDaR concentrations 

observed in S. Typhimurium, with lowest counts observed at 1 mg/ml (P<0.05). 

5kDaR had no effect on the ETEC counts at all concentrations tested (P>0.05). 

Yeast β-glucan: There was a quadratic effect of the increasing yeast β-glucan 

concentration in L. plantarum, L. reuteri and ETEC counts (P<0.05). The inclusion 

of 1 mg/ml was identified as the optimal concentration to stimulate the growth of 

L. plantarum and L. reuteri counts, while decreasing ETEC counts. Yeast β-

glucan had no effect on the counts of B. thermophilum or S. Typhimurium at all 

concentrations tested (P>0.05).
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Table 2.3 Bacterial counts following exposure to increasing concentrations of CH, 5kDaR and yeast β-glucan in the pure culture 

growth assays (Least-square mean values with their standard errors). 

Compound Bacterial strain Final bacterial concentration (logCFU/ml) SEM P-value 

0 
mg/ml 

0.25 
mg/ml 

0.5 
mg/ml 

1 
mg/ml 

2 
mg/ml 

Linear 
effect    

Quadratic 
effect       

CH L. plantarum 7.88 8.04 7.96 8.09 8.21 0.07 0.001 0.500 

L. reuteri 7.72 7.64 7.70 7.49 7.67 0.08 0.417 0.088 

B. thermophilum 6.43 6.57 6.58 6.60 6.79 0.20 0.127 0.852 

ETEC 8.55 8.67 8.61 8.42 8.72 0.08 0.440 0.166 

S. Typhimurium 8.92 8.86 9.08 9.03 9.15 0.05 0.002 0.533 

5kDaR L. plantarum 7.67 7.91 7.86 8.19 8.45 0.08 <0.001 0.896 

L. reuteri 7.02 7.62 7.70 7.61 7.70 0.11 0.011 0.049 

B. thermophilum 7.00 7.27 7.31 7.41 7.88 0.13 <0.001 0.877 

ETEC 8.78 8.65 8.65 8.68 8.71 0.08 0.984 0.354 

S. Typhimurium 9.30 8.80 8.77 8.68 8.73 0.19 0.017 0.058 

Yeast β-
glucan 

L. plantarum 7.18 7.29 7.46 7.58 7.50 0.11 0.008 0.041 

L. reuteri 7.08 7.48 7.60 7.58 7.37 0.20 0.027 0.041 

B. thermophilum 6.44 6.73 6.60 6.38 6.26 0.39 0.330 0.877 

ETEC 8.67 8.46 8.40 8.37 8.58 0.06 <0.001 0.001 

S. Typhimurium 8.87 9.00 8.97 8.91 9.00 0.07 0.863 0.629 

CFU, colony-forming unit.
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2.5 Discussion 

Gastrointestinal dysbiosis is associated with compromised health in both animals 

and humans. Dietary supplementation with natural bioactives may contribute to 

the maintenance of a healthy gastrointestinal microbiota by stimulating beneficial 

bacterial populations such as Lactobacillus spp. and Bifidobacterium spp. or by 

inhibiting pathogen overgrowth. Previous research identified 5kDaR and yeast β-

glucan as potential natural dietary supplements for weaned pigs (Mukhopadhya 

et al., 2019). Hence, the main objective of this study was to identify the direct 

effects of the 5kDaR and yeast β-glucan on key bacterial populations and species 

in the gut. As the production of 5kDaR from the parent CH is expensive, the 

potential of CH to be used as a comparable substitute to 5kDaR was also 

investigated in this study. 

The fermentation conditions used in this study supported the growth of the 

targeted bacterial groups and maintained a relatively complex microbial 

community. Batch fermentation is a well-recognised assay for the simulation of in 

vivo conditions allowing the evaluation of the direct effects of the tested 

compounds on the faecal microbiota (Venema and van den Abbeele, 2013; 

Payne et al., 2012). The reductions in bacterial counts such as total bacteria and 

Prevotella spp. and the reductions in various SCFA such as butyrate between 0 

and 10 h, are most likely due to the loss of viable bacteria caused by freezing and 

thawing of the faeces. QPCR does not differentiate between live and dead cells 

resulting in higher bacterial counts at 0 h (Rudi et al., 2005). Consequently, the 0 

h time point represents a screenshot of the pooled faecal microbiota of the 

sampled animals and an overestimation of the viable counts of each bacterial 

group in the batch fermentation assay, whereas the 10 h time point represents 

the surviving faecal microbiota adapted to the new environment and treatments. 

Finally, the growth-stimulating effects of the different tested compounds most 

likely resulted in a more rapid depletion of nutrients and accumulation of toxic 

metabolites, common characteristics of the closed and uncontrolled environment 

of the batch fermentation assay, which probably explain the lack of any further 

effect in some instances (e.g. CH increased Lactobacillus spp. at 10 h but not at 

24 h) (Payne et al., 2012). 
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The total bacteria as well as Lactobacillus and Bifidobacterium genera that 

contribute significantly to the gastrointestinal health and growth of the host 

(Servin, 2004; Lebeer et al., 2008; Sarkar and Mandal, 2016; O'Callaghan and 

van Sinderen, 2016; Valeriano et al., 2017) were among the bacterial groups 

measured in the batch fermentation assay. 5kDaR increased the total bacteria, 

Lactobacillus spp. and Bifidobacterium spp. CH also increased Lactobacillus spp. 

but decreased Bifidobacterium spp. and had no effect on total bacterial counts. 

Thus, 5kDaR and CH could stimulate the growth of at least one of these 

beneficial bacterial populations within a complex microbial community, in 

agreement with the results from previous in vitro (Bottari et al., 2017) and in vivo 

studies (Gustavo Hermes et al., 2013; Wang et al., 2019a) using milk peptides. 

Yeast β-glucan decreased total bacteria and Bifidobacterium spp. and had no 

effect on Lactobacillus spp. The reduction in Bifidobacterium spp.  due to yeast β-

glucan supplementation, was also observed elsewhere (Mukhopadhya et al., 

2019) and maybe associated with the inability of Bifidobacterium spp. members 

to utilise this polysaccharide (Keung et al., 2017) coupled with competition for 

nutrients.  

Another bacterial group that was measured in the batch fermentation assay was 

Prevotella spp. which is the predominant genus of the Bacteroidetes phylum in 

pigs (Pajarillo et al., 2014; Chen et al., 2017). This bacterial species along with 

other members of the Bacteroidetes phylum have a role in degrading complex 

non-digestible polysaccharides providing the host with energy and beneficial 

metabolites such as SCFA (Flint et al., 2012; Ramayo-Caldas et al., 2016). In 

pigs, the Prevotella-dominant enterotype-like group is associated with increased 

body weight and average daily gain, which is attributed to better energy gain from 

the plant-based diet (Ramayo-Caldas et al., 2016). A Prevotella dominant 

enterotype is also present in humans and is associated with a healthier diet (high 

fibre/low fat); however, the role of the different species and strains of this genus 

in human health and disease is controversial (Precup and Vodnar, 2019). The 

addition of 5kDaR, and CH to a lesser extent, increased Prevotella spp. counts. 

Dietary supplementation of weaned pigs with 5kDaR was associated with 

increases in Bacteroidetes (Mukhopadhya et al., 2019). Prevotella spp. can also 

utilise peptides as a substrate for growth, supporting the stimulatory effect of the 

casein hydrolysates that was observed in this study (Avgustin et al., 1997; Kim et 
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al., 2017a). Yeast β-glucan reduced Prevotella spp. counts. Despite being 

saccharolytic bacteria, variation in the repertoire of polysaccharide-degrading 

enzymes exist among the different Prevotella spp. members (Purushe et al., 

2010; Accetto and Avgustin, 2019). This might lead to a limited ability to utilize 

yeast β-glucan (Emerson and Weimer, 2017) and, consequently, to the need to 

compete for nutrients with other members of the microbiota, thus, explaining the 

reduced counts.  

The Enterobacteriaceae family was also measured in this study as it is 

considered a reliable marker of a dysbiotic microbiota and intestinal dysfunction 

that contribute to the development of gastrointestinal and metabolic disorders and 

diseases in humans and pigs (Shin et al., 2015; Gresse et al., 2017; Litvak et al., 

2017). Yeast β-glucan was the only compound associated with a reduction in the 

Enterobacteriaeae family. Previous dietary supplementation with yeast β-glucan 

in weaned pigs was associated with reduced Enterobacteriaeae counts (Sweeney 

et al., 2012; Murphy et al., 2013). Yeast β-glucan has been reported to alter the 

composition of the microbiota via immune modulation and bacterial adhesion in 

the gut (Ganner and Schatzmayr, 2012). However, this study investigated the 

direct interactions between yeast β-glucan and microbiota and was therefore 

uninfluenced by the host and its immune responses. The observed 

Enterobacteriaceae reduction due to yeast β-glucan in the batch fermentation 

assay could be either due to direct antimicrobial activity or the stimulation of 

saccharolytic bacterial species (not measured in this study), resulting in the 

production of organic acids and/or antimicrobial peptides.  

Acetate, propionate and butyrate are the major SCFA with many health benefits 

to the host produced during the microbial fermentation that takes place in the GIT 

(Roy et al., 2006; Russell et al., 2013). Butyrate, in particular, is the major energy 

source for colonocytes and its absence is associated with energetic stress and 

autophagy, which is observed in the colonic epithelium of germ-free mice 

(Donohoe et al., 2011). Furthermore, butyrate, as a histone deacetylase inhibitor, 

interferes with the expression of pro-inflammatory cytokines exerting anti-

inflammatory activity in mice and suckling pigs (Chang et al., 2014; Xu et al., 

2016). The addition of 5kDaR and CH increased butyrate concentration. Dietary 

supplementation of weaned and growing pigs with casein-derived peptides was 
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also associated with an increase in butyrate production (Gustavo Hermes et al., 

2013; Wang et al., 2019a). Yeast β-glucan, in contrast, decreased the 

concentration of butyrate, propionate and acetate. This is probably linked with the 

reduction of certain members of the microbiota due to yeast β-glucan 

supplementation. Bifidobacterium spp., for instance, not only produce acetate but 

are also involved in cross-talk and cross-feeding with other members within the 

microbiota such as butyrate-producing bacteria (Hidalgo-Cantabrana et al., 2017; 

Belenguer et al., 2006).  

It was indicated that these bioactives affect the faecal microbiota in the batch 

fermentation assay. Thus, the direct effects of these compounds on the growth of 

selected Lactobacillus spp. and Bifidobacterium spp. strains with known benefits 

to human and animal health were evaluated. Human and pig isolates of L. 

plantarum, L. reuteri and B. thermophilum confer colonisation resistance against 

various intestinal pathogens including S. Typhimurium and pathogenic E. coli 

strains and reduce disease incidence through competitive exclusion and the 

production of organic acids and bacteriocins (Rodriguez et al., 2003; Moroni et 

al., 2006; Tanner et al., 2014a; Klose et al., 2010a; Bosch et al., 2012; De Angelis 

et al., 2006; Gagnon et al., 2016; Kaushik et al., 2009; Klose et al., 2010b; 

Lahteinen et al., 2010; da Silva Sabo et al., 2014; Walsham et al., 2016; 

Hasannejad Bibalan et al., 2017). These strains have also been associated with 

beneficial changes in the composition of the microbiota, immunomodulation and 

maintenance of intestinal integrity (Hou et al., 2015b; Zihler et al., 2011; Gagnon 

et al., 2016; Seddik et al., 2017; Liu et al., 2018a; Mu et al., 2018). The addition of 

5kDaR had the most pronounced effect, as it increased B. thermophilum and both 

Lactobacillus spp. strains consistent with the results from the batch fermentation 

assay. Thus, 5kDaR seems to be capable of directly stimulating the growth of 

health-promoting genera in the mammalian gut. CH solely increased L. 

plantarum, indicating variability within the Lactobacillus spp. population with 

regard to utilising this compound. Casein-derived and cheese-originating peptides 

have previously been shown to enhance the growth of various members of the 

Lactobacillus and Bifidobacterium genera which is in agreement with the 

observations of this study (Poch and Bezkorovainy, 1991; Robitaille et al., 2012; 

Bottari et al., 2017). Yeast β-glucan slightly increased L. plantarum and L. reuteri 

counts with no effect on B. thermophilum counts. The absence of any effect of 
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yeast β-glucan on B. thermophilum counts might be attributed to an inability to 

utilise this polysaccharide, as it was previously observed for B. breve (Keung et 

al., 2017).  

The pathogens that were included in the pure culture growth assays of this study 

were S. Typhimurium and ETEC O149. S. Typhimurium causes foodborne 

disease in humans, with pigs and their meat products being a major source of 

human infection (Bonardi, 2017). Most pigs are asymptomatic carriers of S. 

Typhimurium; however, in immunocompromised animals such as weaned pigs, S. 

Typhimurium infection can cause intestinal disease (Quinn et al., 2011; Bonardi, 

2017). The pathogenic strain, ETEC O149, is a determining factor of post-

weaning diarrhoea in weaned pigs characterised by increased mortality, 

diarrhoea and stunted growth (Rhouma et al., 2017). The addition of 5kDaR 

inhibited S. Typhimurium growth. A casein-derived peptide with antibacterial 

activity against S. Typhimurium has been identified previously (McCann et al., 

2006). Most milk-derived peptides exert their antibacterial activity by interfering 

with the functionality and permeability of the bacterial cell membrane (Khan et al., 

2018). Yeast β-glucan led to a slight reduction of the ETEC counts which is 

consistent with the observed Enterobacteriaceae reduction in the batch 

fermentation assay. The potential of dietary yeast β-glucan supplementation to 

control ETEC infection in weaned pigs has been reported previously (Stuyven et 

al., 2009). However, the lower faecal ETEC counts and reduced duration and 

severity of diarrhoea observed in that study were attributed to a more controlled 

inflammatory response primed by the yeast β-glucan supplementation, rather 

than the direct effect indicated in this study (Li et al., 2005; Stuyven et al., 2009). 

Despite the beneficial properties of 5kDaR that have been identified in this and 

previous studies (Mukhopadhya et al., 2014; Mukhopadhya et al., 2019; 

Mukhopadhya et al., 2015), the production of this compound is expensive. The 

parent CH was considered as a potential alternative; however, it had no or less 

pronounced effects on the various bacterial populations and strains that were 

included in the assays of this study. Butyrate concentration was the only 

exception as CH stimulated its production to a greater extent compared to 

5kDaR.   
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2.6 Conclusions 

The addition of 5kDaR in the batch fermentation and pure culture growth assays 

was consistently associated with increases in beneficial bacterial groups such as 

Lactobacillus spp. and Bifidobacterium spp. and a reduction in S. Typhimurium. 

5kDaR also stimulated the production of butyrate in the batch fermentation assay, 

a major energy source and immunomodulatory molecule of the intestinal 

epithelium. The findings of this study provide additional information regarding the 

mode of action of this bioactive within the gastrointestinal environment. 

Therefore, further in vivo nutritional studies are required on the 5kDaR potential 

to alleviate the negative impact of inflammatory diseases and disorders on the 

composition and metabolism of the mammalian gastrointestinal microbiota such 

as the weaning stress in pigs. 

A major drawback of the 5kDaR is that it requires an expensive production 

process that could be overcome via the use of the parent CH. In this study, CH 

increased Lactobacillus spp. counts and stimulated butyrate production. Despite 

CH being a less effective bioactive than 5kDaR in these in vitro studies, its 

digestion during the transit from the upper GIT could result in the release of the 

more effective 5kDaR. Thus, further research should be considered regarding the 

use of CH as a dietary supplement. 
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Chapter 3. Evaluation of the effects of the extraction 

methodology on the antibacterial and prebiotic potential 

of Ascophyllum nodosum using selected bacterial 

members of the pig gastrointestinal microbiota 
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3.1 Abstract 

Dietary supplementation with fucoidan-rich Ascophyllum nodosum extracts may 

promote beneficial compositional changes in the gastrointestinal microbiota. 

However, harvest season and extraction methods/conditions are expected to 

influence their antibacterial and prebiotic potential. The objectives of this study 

were to evaluate: 1) the effects of two whole biomass samples of A. nodosum 

collected in February (ANWB-F) and November (ANWB-N) on selected bacterial 

populations in a batch fermentation assay, and 2) the influence of conventional 

and novel extraction methods and conditions on the antibacterial and prebiotic 

activities of A. nodosum extracts using pure culture growth assays. In the batch 

fermentation assay, diluted pooled pig faeces were mixed with 5, 2.5, 1 and 0 

mg/ml ANWB-F, ANWB-N and fructooligosaccharides (FOS, prebiotic control) to 

investigate their effects on selected bacterial populations. FOS increased total 

bacterial and Bifidobacterium spp. counts while reducing the Enterobacteriaceae 

counts. The effects of ANWB-F and ANWB-N were similar, whereby both 

increased total bacterial counts and reduced Bifidobacterium spp. and 

Enterobacteriaceae counts. ANWB-F was then used to produce four extracts 

(ANE1 - 4) using four different extraction conditions of a novel hydrothermal-

assisted extraction methodology, that had fucoidan concentration ranging 

between 26.75-29.97%. Two A. nodosum extracts (<9% polysaccharide content) 

produced using conventional extraction methods with water (ANWE) and ethanol 

(ANEE) as solvent were also included. In the pure culture growth assays, the 

effects of increasing concentrations (0, 0.25, 0.5, 1 and 2 mg/ml) of ANE1 - 4, 

ANWE and ANEE on the growth of Lactobacillus plantarum, L. reuteri, 

Bifidobacterium thermophilum, Enterotoxigenic Escherichia coli and Salmonella 

Typhimurium were evaluated. ANE1 exhibited antibacterial activity against S. 

Typhimurium, ETEC and B. thermophilum, while ANE4 stimulated B. 

thermophilum growth. ANWE and ANEE extracts increased B. thermophilum and 

L. plantarum, respectively. However, both extracts reduced the counts of L. 

reuteri as well as L. plantarum for ANWE or B. thermophilum for ANEE but not S. 

Typhimurium. In conclusion, the extraction method and conditions determined the 

prebiotic and antibacterial potential of A. nodosum extracts. Two extracts 

produced using the novel extraction methodology (ANE1 and ANE4) exhibiting 
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distinct antibacterial and bifidogenic properties in vitro indicating their potential to 

promote a more beneficial composition of the gastrointestinal microbiota.  
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3.2 Introduction 

The gastrointestinal microbiota is normally a diverse and stable community 

capable of performing a wide range of biologically important functions for the host 

such as increasing nutrient availability, immunomodulation and inhibition of 

pathogen colonisation (Lozupone et al., 2012; Brestoff and Artis, 2013; Kamada 

et al., 2013; Rowland et al., 2018). Lactobacillus spp. and Bifidobacterium spp. 

are members of the gastrointestinal microbiota of mammals including humans 

and pigs that are known for their beneficial contributions to these functions 

(Servin, 2004; Lebeer et al., 2008; Sun et al., 2015; O'Callaghan and van 

Sinderen, 2016; Sarkar and Mandal, 2016; Valeriano et al., 2017). Another 

important constituent of the gastrointestinal microbiota is the Enterobacteriaceae 

family that is present in low abundance in healthy mammals (Frese et al., 2015; 

Kim et al., 2017b). This bacterial family harbours many pathogens such as 

pathogenic Escherichia coli strains and Salmonella enterica subsp. enterica 

serotypes (e.g. Typhimurium, Enteritidis) that can lead to enteric and systemic 

disease in humans and animals (Quinn et al., 2011; Heredia and Garcia, 2018). 

Disturbances in the composition of the gastrointestinal microbiota leads to 

dysbiosis, a transient or permanent pathological state, characterised by loss of 

beneficial bacterial groups and/or overgrowth of opportunistic pathogens and/or 

loss of the overall microbial diversity (DeGruttola et al., 2016). An increase of the 

Enterobacteriaceae is among the common compositional changes that 

characterise the dysbiotic microbiota in pigs and humans (Shin et al., 2015; Litvak 

et al., 2017; Gresse et al., 2017).   

Modulation of the diet could promote a more beneficial composition of the 

gastrointestinal microbiota and reduce the incidence of dysbiosis (DeGruttola et 

al., 2016). Brown macroalgae or seaweeds (class Phaeophyceae) are rich in non-

digestible polysaccharides (alginates, laminarins, fucoidans, mannitol), minerals, 

polyphenols, and essential amino acids, all associated with a wide range of 

biological activities (Holdt and Kraan, 2011; de Jesus Raposo et al., 2015). Of 

interest to this study are the prebiotic (O'Sullivan et al., 2010; Cherry et al., 2019) 

and antibacterial (Perez et al., 2016; Shannon and Abu-Ghannam, 2016) 

potential of the brown seaweed extracts and, particularly, the non-digestible 

polysaccharides fractions. However, the quantity, chemical structure and 
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bioactivity of seaweed polysaccharides vary depending on numerous factors 

including species, season of harvest, geographic location, environmental 

conditions and on the extraction methodologies and conditions used (Perez et al., 

2016; Shannon and Abu-Ghannam, 2016; Garcia-Vaquero et al., 2017). In 

conventional extraction methodologies, typically used solvents are water for the 

extraction of soluble polysaccharides such as fucoidan (Peasura et al., 2015) and 

ethanol for extracts rich in polyphenols (Sabeena Farvin and Jacobsen, 2013). 

Despite being a convenient method, solvent extraction is time-consuming and 

inefficient in terms of the quantity and quality of the extracted bioactives including 

polysaccharides (Kadam et al., 2013). Therefore, novel extraction methodologies 

aim to optimise the extraction efficiency and reduce the production time and cost. 

This can be facilitated by the use of the response surface methodology, a 

multivariate statistic technique, with which one or more extraction parameters 

(pH, time, temperature, pressure, solvent to seaweed ratio) are selected to be 

improved to achieve the highest concentration and/or preferred chemical 

structure of a chosen seaweed component (Garcia-Vaquero et al., 2017).  For 

example, the conditions of a hydrothermal-assisted extraction (HAE) method 

were recently optimised using the response surface methodology to obtain the 

best concentration of fucoidan and/or laminarin and/or antioxidant activity from 

brown seaweeds (Garcia-Vaquero et al., 2019). 

 In this study, the antibacterial and prebiotic potential of the brown seaweed 

Ascophyllum nodosum was investigated for two reasons. Firstly, this seaweed 

species has a high polysaccharide content characterised by monthly fluctuation 

ranging from ≈50% in February to ≈70% in November (Tabassum et al., 2016b). 

Furthermore, dietary supplementation of whole A. nodosum biomass or its 

extracts has consistently been associated with reduction in E. coli numbers and 

alterations in the composition of the gastrointestinal microbiota in in vitro and in 

vivo models (Gardiner et al., 2008; Dierick et al., 2009; Belanche et al., 2016; 

Chen et al., 2018; Zhou et al., 2018; Rattigan et al., 2019). Thus, two questions 

were addressed in this study: 1) does the seasonal variation of the 

polysaccharide content of A. nodosum influence its antibacterial and prebiotic 

potential; and 2) are these activities improved in A. nodosum extracts produced 



95 
 

using a novel extraction methodology compared to the conventional extraction 

methods?  

To answer these questions, batch fermentation and pure culture growth assays 

were employed as they are considered useful screening tools to evaluate the 

effect of candidate compounds on selected bacterial populations at family, genus 

and species level (Gibson et al., 2004; Venema and van den Abbeele, 2013). The 

first objective of this study was to investigate whether harvest season influences 

the effects of whole biomass samples of A. nodosum on selected intestinal 

bacterial populations in a batch fermentation assay. FOS was used in the batch 

fermentation assay as the positive control due to its established prebiotic effects 

(Gibson et al., 2017). The second objective of this study was to evaluate how the 

conventional extraction methods and the different conditions of a novel HAE 

methodology alter the antibacterial and prebiotic activities of A. nodosum extracts 

in a panel of pure culture growth assays. 

 

3.3 Material and Methods 

3.3.1 Whole biomass samples and extracts of Ascophyllum nodosum 

A summary of preparation conditions for the whole biomass samples and extracts 

of A. nodosum that were utilised in this study are presented in Table 3.1, with 

further details as follows: 

Whole seaweed biomass: A. nodosum was harvested in February (ANWB-F) and 

November (ANWB-N) once and from the same collection site by Quality Sea Veg 

Ltd. (Co. Donegal, Ireland). Samples were oven-dried, ground and stored at room 

temperature as described previously (Garcia-Vaquero et al., 2019). The dried 

whole biomass samples were tested in the fermentation assay.  

Conventional extraction methods: Extracts from A. nodosum were produced using 

a solvent solid-liquid extraction method using water (ANWE) and 80% ethanol : 

20% water (ANEE) as described previously (Tierney et al., 2013). These extracts 

were freeze-dried and tested in the pure culture growth assays. 

HAE methodology: Four extracts of ANWB-F were produced using a HAE 

methodology with optimised extraction conditions (temperature, incubation time 
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and solvent (0.1 M HCl) to seaweed ratio), as described previously by Garcia-

Vaquero et al. (2019). Each extraction condition was optimised to give the best 

concentration of fucoidan (E1), laminarin (E2), antioxidant activity (E3) and all the 

above (E4). These extracts (ANE1 - 4) were freeze-dried and tested in the pure 

culture growth assays. 

Proximate composition of the whole A. nodosum biomass and polysaccharide 

content of A. nodosum extracts: The dry matter of the whole biomass samples of 

A. nodosum was determined by oven-drying the samples at 105 °C for 16 h. The 

ash content of the whole biomass samples of A. nodosum was determined after 

ignition of a weighed sample in a muffle furnace (Nabertherm, Bremen, Germany) 

at 550 °C for 6 h according to the AOAC.942.05 (AOAC, 2005). The nitrogen 

content of the whole biomass samples of A. nodosum was determined with the 

LECO FP 528 instrument (Leco Instruments UK Ltd., Cheshire, UK) using the 

conversion factor 4.17 as described for brown seaweeds to calculate protein 

content (Biancarosa et al., 2017). The ether extract of the whole biomass samples 

of A. nodosum was determined using Soxtec instrumentation (Tecator, Sweden) 

following the AOAC.920.39 (AOAC, 2005).The total soluble sugars of the whole 

biomass samples of A. nodosum, ANWE and ANEE were determined following the 

phenol-sulfuric acid assay as described previously (Brummer and Cui, 2005). Total 

phenolic content of the whole biomass samples of A. nodosum was determined 

after pre-treatment with 80% methanol using the Folin-Ciocalteu phenol reagent 

following the method described by Ganesan et al. (2008) with slight modifications 

(Ainsworth and Gillespie, 2007).  The total glucans of the whole biomass samples 

of A. nodosum were determined using the kit K-YBGL (Megazyme, Co. Wicklow, 

Ireland) according to the manufacturer’s instructions. The concentration of 

laminarin in ANE1 - 4 was determined with high-performance liquid 

chromatography (HPLC) (Varian Prostar HPLC system, Agilent Technologies, 

Santa Clara, CA, USA) using a calibration curve of commercial laminarin from 

Laminaria digitata (Sigma-Aldrich, St. Louis, MO, USA) as described by Rajauria et 

al. (2021). The fucose as an estimation of fucoidan in the whole biomass samples 

of A. nodosum and fucoidan in the ANE1 - 4, ANWE and ANEE were determined 

according to the method described by Usov et al. (2001), with modifications as 

described by Garcia-Vaquero et al. (2019). Similar to laminarin, the concentration 

of fucose and fucoidan were determined with HPLC using calibration curves of L-(-
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)-fucose (Sigma-Aldrich, St. Louis, MO, USA) and commercial fucoidan from Fucus 

vesiculosus (Sigma-Aldrich, St. Louis, MO, USA), respectively. All samples were 

analysed on two independent occasions (2 biological replicates) with three 

readings each time. 

 

 

Table 3.1 Preparation of whole A. nodosum biomass samples and extraction 

methods and conditions employed to obtain the different A. nodosum extracts. 

* Extraction methods and conditions as described by Tierney et al. (2013) and 

Garcia-Vaquero et al. (2019). HAE, hydrothermal-assisted extraction; N/A, not 

applicable. 

 

 

3.3.2 Batch fermentation assay 

The preparation of the faecal inoculum and the batch fermentation assay were 

carried out as previously described in Section 2.3.2 of Chapter 2. 

A. nodosum 
sample 

Extraction 
method* 

Solvent* Conditions* Optimised for 
targeted bioactives 

ANWB-F 
ANWB-N 

N/A N/A Oven-dried at 50oC for 9 
days and milled to 1 mm 

particle size 

N/A 

Conventional extraction methods 

ANWE solvent 
extraction 

water Room temperature (20 °C) 
24 h 

20 ml solvent/g seaweed 
Stirring at 170 rpm 

crude 

ANEE solvent 
extraction 

80% ethanol 
20% water 

Room temperature (20 °C) 
24 h 

10 ml solvent/g seaweed 
Stirring at 170 rpm 

polyphenols 

Hydrothermal-assisted extraction methodology 

ANE1 HAE 0.1 M HCl 120 °C 
62.1 min 

30 ml solvent/g seaweed 

Fucoidan 

ANE2 HAE 0.1 M HCl 99.3 °C 
30 min 

21.3 ml solvent/g seaweed 

Laminarin 

ANE3 HAE 0.1 M HCl 120 °C 
76.06 min 

10 ml solvent/g seaweed 

Antioxidant activity 

ANE4 HAE 0.1 M HCl 120 °C 
80.9 min 

12.02 ml solvent/g seaweed 

For laminarin, 
fucoidan and 

antioxidant activity 
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Faecal inoculum: Faeces from 29 newly weaned crossbred pigs (Large White x 

Landrace) from a commercial farm (Perma pigs Limited, Co. Kildare, Ireland) 

were collected and pooled. The commercial farm had a Salmonella 

seroprevalence of 18% with no other diseases important to pig health and 

production being reported. Weaned pigs were fed a cereal- and milk-based diet. 

The pooled faeces were aliquoted and stored at -20 °C. The faecal inoculum (FI) 

was prepared one day prior to the batch fermentation assay by performing a 5-

fold dilution of the pooled faeces on a weight basis (1:5 w/v) in pre-reduced 

phosphate buffered saline (Sigma-Aldrich, St. Louis, MO, USA) after the addition 

of oxyrase (Sigma-Aldrich, St. Louis, MO, USA), an enzyme that removes oxygen 

from the broth. The FI was stored at 4 °C within a sealed container with anaerobic 

conditions established using AnaeroGen 2.5 L sachets (Thermo Fisher Scientific, 

Waltham, MA, USA) (Tran et al., 2016a). 

Fermentation assay: The modified batch fermentation assay was designed based 

on previous studies (Rossi et al., 2005; Tran et al., 2016a). The media and 

reagents used were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless 

otherwise stated. The composition of the fermentation medium (FM-medium) was 

as follows: 5 g/L yeast extract (Y1625), 10 g/L ascorbic acid (A4544), 10 g/L 

sodium acetate (S5636), 5 g/L (NH4)2SO4 (A3920), 2 g/L urea (U5378), 0.2 g/L 

MgSO47H2O (M2773), 0.01 g/L FeSO47H2O (F8633), 0.007 g/L MnSO4xH2O ( 

M7899),  0.01 g/L NaCl (S5886), 1 ml/L Tween 80 (P4780), 0.05 g/L hemin 

(51280) and 0.5 g/L L-cysteine hydrochloride (C1276). The pH was adjusted to 

7.0. The FM-medium was autoclaved for dissolution and sterilisation and stored 

at 4 °C. ANWB-F and ANWB-N were diluted in a final volume of 21 ml FI/FM 

medium at 1, 2.5 and 5 mg/ml concentrations. The FI:FM-medium ratio was 1:10 

v/v. Fructooligosaccharides (FOS) from chicory (F8052-50G, St. Louis, MO, USA) 

were also included at these concentrations as a prebiotic compound. The batch 

fermentation was carried out in glass tubes (PYREX™ Disposable Round-Bottom 

Rimless Glass Tubes, Fisher Scientific, Co. Dublin, Ireland) with rubber stoppers 

(Saint-Gobain Rubber stopper grey blue 17/22 x H 25MM, VWR, Co. Dublin, 

Ireland). Anaerobic conditions were established and maintained by the addition of 

oxyrase and CO2 flushing. Control tubes containing only FI and FM medium were 

also included. All tubes were incubated at 39 °C for 24 h with gentle stirring (100 

rpm). A volume of 5 ml fermentation broth was collected at 0, 10 and 24 h in 
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duplicate tubes. The collected samples were centrifuged at 12,000xg for 5 

minutes. The resultant pellets were stored in -20 °C until further analysis. All 

experiments were repeated on three independent occasions, hence, 3 biological 

replicates. Each biological replicate consisted of a single tube per compound 

concentration (4 tubes/biological replicate, Figure 2.1 in Section 2.3.2 of Chapter 

2). 

 

3.3.3 Quantification of bacterial groups using quantitative real time 

polymerase chain reaction (QPCR) 

DNA extraction and quantification of the selected bacterial groups were carried 

out as described previously in Section 2.3.4 of Chapter 2. 

DNA extraction: Microbial genomic DNA was extracted using QIAamp Fast DNA 

stool mini kit (Qiagen, West Sussex, UK) according to the manufacturer’s 

instructions. The DNA quantity and quality were evaluated using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Bacterial primers: The list of the domain-, family- or genus-specific primers 

targeting the 16S rRNA gene of the selected bacterial groups are provided in 

Table 3.2. All bacterial primers were available in the literature. Primers were 

designed using two tools, Primer3 (https://primer3.org/) for larger amplicons 

(>150 bp) and Primer Express™ (Applied Biosystems, Foster City, CA, USA) for 

smaller amplicons (<125 bp), and their specificity was verified using Primer Basic 

Local Alignment Search Tool (Primer-BLAST), 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi. 

Plasmid and standard curve preparation: Bacterial genomic DNA from 

Bifidobacterium thermophilum (DSMZ 20210), Lactobacillus plantarum (DSMZ 

20174) and Salmonella enterica subsp. enterica serotype Typhimurium phage 

type (PT) 12 was extracted from pure cultures using DNeasy® Blood & Tissue kit 

(Qiagen, West Sussex, UK). Bacterial strains were purchased from Leibniz 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures 

(Braunschweig, Germany) except for S. Typhimurium PT12 (Sweeney et al., 

2011). The targeted genes were amplified using conventional PCR with the 

respective primers and genomic locations outlined in Appendix A (Table A.1). The 

https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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amplicons were incorporated into a vector using the TOPO™ TA Cloning™ Kit for 

Sequencing (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA). One 

Shot™ TOP10 Chemically Competent E. coli were transformed according to the 

manufacturer’s instructions using a heat shock method. LB agar (Lennox, Co. 

Dublin, Ireland) plates containing ampicillin (100 µg/ml) were inoculated with the 

bacterial culture (50 µl) using a sterile plate spreader and incubated at 37 °C 

overnight. Individual colonies were re-plated, screened for the presence of the 

plasmid and preserved on cryoprotective beads (TS/71-MX, Protect Multi-

purpose, Technical Service Consultants Ltd., Lancashire, UK) that were stored at 

-80 °C. The transformed E. coli was re-cultured by transferring a single 

cryoprotective bead in 200 ml LB Broth Base (Invitrogen, Thermo Fisher 

Scientific, Carlsbad, CA, USA) containing ampicillin and incubated at 37 °C for 18 

h at 150 rpm. The plasmids carrying the target genes were extracted on a large 

scale using the GenElute™ HP Plasmid Maxiprep kit (Sigma-Aldrich, St. Louis, 

MO, USA) and linearised using APA1 (Promega, Madison, WI, USA) restriction 

enzyme according to the manufacturer’s instructions. The linearised plasmids 

were further purified using the GenElute™ PCR Clean-Up kit (Sigma-Aldrich, St. 

Louis, MO, USA). The purified, linearised plasmids were quantified 

spectrophotometrically and copy number/μl was determined using an online tool 

which employs the formula mol/g * molecules/mol = molecules/g using 

Avogadro's number, 6.022x1023 molecules/mol available online by the URI 

Genomics & Sequencing Center (http://cels.uri.edu/gsc/cndna.html). Standard 

curves were prepared using 5-fold serial dilutions for the purposes of QPCR.   

QPCR: The final reaction volume (20 μl) included 3 μl template DNA, 1 μl of each 

primer (10 μM), 5 μl nuclease-free water and 10 μl of Fast SYBR® Green Master 

Mix (Applied Biosystems, Foster City, CA, USA) for the Lactobacillus spp. or 

GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) for the remaining 

bacterial groups. All QPCR reactions were performed in duplicate and were 

carried out on the ABI 7500 Fast PCR System (Applied Biosystems, Foster City, 

CA, USA). The cycling conditions included a denaturation step of 95 °C for 10 

mins followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Dissociation 

curves were generated to confirm the specificity of the resulting PCR products. In 

addition, the PCR products were visualised on an agarose gel stained with 

ethidium bromide, to ensure that the PCR products from the sample and plasmid 

http://cels.uri.edu/gsc/cndna.html
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were of equal size. The efficiency of each QPCR reaction was established by 

plotting the threshold cycles (Ct) derived from 5-fold serial dilutions of the plasmid 

against their arbitrary quantities and only assays exhibiting 90 – 110% efficiency 

and single products were used in this study. Bacterial counts were determined 

using a standard curve derived from the mean Ct value and the log transformed 

gene copy number of the plasmid and expressed as log transformed gene copy 

number per gram of digesta (logGCN/g digesta). 

 

Table 3.2 List of forward and reverse primers used for the bacterial quantification 

by QPCR. 

Target bacterial 
group 

Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm (°C) References 

Total bacteria F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

291 64.2 
52.4 

Frank et al. 
(2007) 

Lactobacillus spp. F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

341 54.5 
55.2 

Metzler-Zebeli 
et al. (2010) 

Bifidobacterium spp. F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

125 60.3 
59.8 

Penders et al. 
(2005) 

Enterobacteriaceae F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

185 54.0 
56.3 

Takahashi et 
al. (2017) 

bp, base pairs; Tm, melting temperature.  

 

 

 

3.3.4 Bacterial strains and growth conditions 

The strains L. plantarum, L. reuteri (DSMZ 20016) and B. thermophilum were 

selected as they are commensals of the mammalian gastrointestinal tract with 

well characterised health-promoting properties. The pathogenic strains were S. 

Typhimurium PT12, an important animal and foodborne pathogen and the 

enterotoxigenic Escherichia coli (ETEC) O149A+ that is involved in the post-

weaning diarrhoea of weaned pigs. This panel of bacterial strains was previously 

selected for their impact on pig and human health (Appendix B, Table B.1) and 

used in Chapter 2. L. plantarum, B. thermophilum and S. Typhimurium strains 

were as above, L. reuteri strain was purchased from Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures (Braunschweig, 

Germany) and ETEC was kindly provided from the Central Veterinary Research 

laboratory (DAFM-Laboratories Backweston, Co. Kildare, Ireland).  
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All bacterial strains were revived from cryoprotective beads that were stored at -

20 °C.  L. plantarum and L. reuteri were inoculated in 10 ml de Man, Rogosa and 

Sharpe broth (MRS, Oxoid Ltd., Hampshire, UK) and incubated aerobically at 37 

°C for 48 h. B. thermophilum was streaked onto MRS agar (MRSA, Oxoid Ltd., 

Hampshire, UK) and incubated anaerobically at 37 °C for 48 h. Anaerobic 

conditions were established within sealed containers using AnaeroGen 2.5 L and 

3.5 L sachets (Thermo Fisher Scientific, Waltham, MA, USA). S. Typhimurium 

and ETEC were inoculated in 10 ml Tryptone Soya Broth (TSB, Oxoid Ltd., 

Hampshire, UK) and incubated aerobically at 37 °C for 48 h. All bacterial strains 

were sub-cultured by transferring 1 ml of the previous culture to 9 ml of the 

respective sterile medium and incubated aerobically at 37 °C for 24 h. In the case 

of B. thermophilum a few colonies were inoculated into 10 ml MRS and incubated 

anaerobically at 37 °C for 24 h. The Lactobacillus spp. strains and S. 

Typhimurium and ETEC cultures were additionally streaked on MRSA and 

Tryptone Soya Agar (TSA, Oxoid Ltd., Hampshire, UK) respectively to ensure 

purity. The 24 h cultures were used for the subsequent assays.  

 

3.3.5 Pure culture growth assays 

The assays were designed based on methodologies from previous experiments 

with some modifications (Kontula et al., 1998; Kaplan and Hutkins, 2000; 

Crittenden et al., 2002) and were previously described in Section 2.3.6 of Chapter 

2. Briefly, the assays were carried out in 96-well microtiter plates (CELLSTAR, 

Greiner Bio-One, Kremsmünster, Austria). ANWE, ANEE and ANE1-4 were 

diluted in 10% MRS and 10% TSB at a working concentration of 4 mg/ml and 

were stored at 4 °C. Contamination checks were performed regularly to ensure 

the sterility of the subsequent assays. Further 2-fold dilutions (2 - 0.25 mg/ml) 

were performed each time prior to the assay. All bacterial strains were diluted in 

10% medium (MRS or TSB) to obtain an inoculum of 106 - 107 CFU (colony-

forming unit)/ml with initial bacterial enumeration being performed each time. 100 

μl of each extract and each dilution was transferred to duplicate wells and 100 μl 

inoculum was added. Control wells containing 100 μl of 10% medium and 100 μl 

inoculum were also included. To evaluate the sterility, blank wells containing 100 

μl of 10% medium and 100 μl of each dilution of each extract were included. 
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Plates were agitated gently to ensure thorough mixing and incubated aerobically 

at 37 °C for 18 h, apart from B. thermophilum that was incubated anaerobically.  

After incubation, spread plating was used to determine both the bacterial viability 

and counts at the increasing concentrations of each extract. A modified Miles and 

Misra method was used to determine the final bacterial concentration (Miles et 

al., 1938). Briefly, the content of the wells was mixed by pipetting and 25 μl from 

each well was transferred to 225 μl Maximum Recovery Diluent (MRD, Oxoid 

Ltd., Hampshire, UK). Following a 10-fold serial dilution (10-1 - 10-8), 20 μl was 

inoculated onto MRSA for L. plantarum, L. reuteri and B. thermophilum and TSA 

for ETEC and S. Typhimurium. Plates were incubated aerobically at 37 °C for 24 

h with the exception of B. thermophilum which was incubated anaerobically at 37 

°C for 48 h. The dilution resulting in 5 - 50 colonies was selected for the 

calculation of CFU/ml using the formula CFU/ml = Average colony number * 50 * 

dilution factor. The bacterial counts were logarithmically transformed (logCFU/ml) 

for the subsequent statistical analysis. Any zero counts were assigned the 

arbitrary value of 1.30 logCFU/ml which was considered the minimum detection 

limit by spread plating (McDonnell et al., 2012). All experiments were carried out 

with technical replicates on three independent occasions, hence, 3 biological 

replicates.  

3.3.6 Statistical analysis 

Statistical analysis was performed using Statistical Analysis Software (SAS) 9.4 

(SAS Institute, Cary, NC, USA). All data were initially tested for normality using 

PROC UNIVARIATE procedure.  

Batch fermentation assay: The bacterial counts of the selected bacterial groups in 

all flasks (0, 1, 2.5 and 5 mg/ml) for each tested compound (n=12, 3 flasks/each 

compound concentration) were analysed by repeated measures analysis using 

PROC MIXED procedure (Littell et al., 2006). The statistical model included the 

fixed effects of compound concentration (0, 1, 2.5 and 5 mg/ml), time (0, 10 and 

24 h), assay replicate (3 biological replicates) and their associated interactions.  

Pure culture growth assay: The bacterial counts from the pure culture growth 

assays were analysed using PROC GLM procedure for the presence of linear 

and quadratic effects of concentration for each extract. The biological replicate 
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was the experimental unit. The LSMEANS statement was additionally used to 

calculate the least-square mean values and the standard error of the means 

(SEM). 

Probability values of <0.05 denote statistical significance. Results are presented 

as least-square mean values ± SEM.  

 

3.4 Results 

3.4.1 Proximate composition of A. nodosum and composition of A. 

nodosum extracts 

The proximate compositions of the two dried whole seaweed biomass samples are 

presented in Table 3.3. The ash content was at similar levels for ANWB-F and 

ANWB-N (23.31% and 21.87%); however, protein concentration was higher in 

February compared to November (6.14% vs 3.52%). Total soluble sugars were 

slightly higher in ANWB-F compared to ANWB-N (13.66% vs 11.63%) with fucose 

as the principal constituent and at similar concentrations for both months (10.1% 

in ANWB-F vs 9.75% in ANWB-N). Total glucans were the other major 

polysaccharide fraction that was slightly lower in February compared to November 

(2.70% vs 3.30%). Lastly, ANWB-F had a lower phenolic content compared to 

ANWB-N (0.67% vs 0.97%).   

 

Table 3.3 Proximate composition (dry matter, ash, protein, crude lipids, total 

glucans, and fucose) of whole A. nodosum biomass. 

Proximate composition* Whole A. nodosum biomass 

ANWB-F ANWB-N 

Dry matter (%) 90.38 ± 0.01 93.94 ± 0.04 

Ash (% DW basis) 23.31 ± 0.30 21.87 ± 0.09 

Protein (% DW basis) 6.14 ± 0.01 3.52 ± 0.01 

Ether extract (% DW basis) 3.33 ± 0.00 2.73 ± 0.03 

Total soluble sugars (% DW basis) 13.66 ± 0.08 11.63 ± 0.06 

Total glucans (% DW basis) 2.70 ± 0.08 3.30 ± 0.02 

Fucose (% DW basis) 10.09 ± 0.09 9.75 ± 0.05 
Total phenolic content (% DW basis) 0.67 ± 0.01 0.97 ± 0.01 

*Results are expressed as mean values ± standard deviation of the mean. The 

units are expressed as % dry weight (DW) basis. 
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The laminarin and fucoidan content of ANE1 - 4 and the total soluble sugars and 

fucoidan content of ANWE and ANEE, are presented in Table 3.4. The extracts 

produced using the HAE method consisted predominantly of polysaccharides 

ranging from 28.06% (ANE1) to 31.54% (ANE2). Fucoidan was the principal 

polysaccharide with the lowest concentration of 26.75% in ANE1 and the highest 

concentration of 29.97% in ANE2. Laminarin content was between 0.99 - 1.57% 

in ANE1 - 4. Regarding the extracts produced using conventional extraction 

methods, ANWE had a higher total soluble sugar and fucoidan content compared 

to ANEE (8.95% and 2.44% vs 6.64% and 0.80%).  

 

Table 3.4 Total soluble sugars, laminarin and fucoidan content of A. nodosum 

extracts. 

*Results are expressed as mean values ± standard deviation of the mean. ND, 

not determined. 

 

 

3.4.2 Effects of FOS, ANWB-F and ANWB-N on the selected faecal bacterial 

populations 

The effects of FOS and whole biomass samples of A. nodosum collected in 

February (ANWB-F) and November (ANWB-N) on selected faecal bacterial 

populations are presented in Figures 3.1 - 3 and are described below. This data 

is also available in Tables D.1 - 3 of Appendix D. As expected, there was a time 

effect on the counts of all tested bacterial groups (P<0.05).  

A. nodosum 
extract 

Extract composition* 

Total soluble sugars (mg 
total soluble sugars/ 100mg 

freeze-dried extract) 

Laminarin (mg total 
glucans/ 100mg freeze-

died extract) 

Fucoidan (mg fucoidan/ 
100mg freeze-dried 

extract) 

ANWE 8.95 ± 0.72  ND 2.44 ± 0.09 

ANEE 6.64 ± 0.47 ND 0.80 ± 0.05 

ANE1 ND 1.31 ± 0.06 26.75 ± 0.12 

ANE2 ND 1.57 ± 0.10 29.97 ± 0.60 

ANE3 ND 0.99 ± 0.12 28.53 ± 0.48 

ANE4 ND 1.26 ± 0.03 27.44 ± 0.08 
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FOS (Figure 3.1, Table D.1): There was a FOS concentration x time interaction 

on total bacterial, Bifidobacterium spp. and Enterobacteriaceae counts. Both total 

bacterial and Bifidobacterium spp. counts were increased at all concentrations at 

10 h compared to the control (P<0.05), whereas only the concentration of 5 

mg/ml increased the counts at 24 h compared to the control (P<0.05). There was 

no effect on the Enterobacteriaceae counts at 5 mg/ml FOS at 10 h compared to 

the control (P>0.05), however, their counts were decreased at this concentration 

at 24 h compared to the control (P<0.05). Enterobacteriaceae counts were 

increased at 2.5 mg/ml FOS at 10 h compared to the control (P<0.05), but not at 

24 h (P>0.05). FOS had no effects on the Lactobacillus spp. counts (P>0.05). 

ANWB-F (Figure 3.2, Table D.2): There was an ANWB-F concentration x time 

interaction on Bifidobacterium spp. and Enterobacteriaceae counts. 

Bifidobacterium spp. counts were reduced at 2.5 and 5 mg/ml at 10 and 24 h 

compared to the control (P<0.05). Bifidobacterium spp. counts were also reduced 

at 1 mg/ml at 10 h compared to the control (P<0.05), but not at 24 h (P>0.05). It is 

worth noting that the inclusion of 5 mg/ml ANWB-F reduced Bifidobacterium spp. 

counts below the limit of detection of the QPCR (≈1.5 log transformed gene copy 

number/ 3 μl plasmid). There was no effect of any ANWB-F concentration on 

Enterobacteriaceae counts at 10 h, however, their counts were reduced at 5 

mg/ml at 24 h compared to the control (P<0.05). There was an effect of the 

ANWB-F concentration on the counts of total bacteria. Overall, the total bacterial 

counts were increased at all ANWB-F concentrations compared to control [9.37 

(1 mg/ml), 9.39 (2.5 mg/ml) and 9.45 (5 mg/ml) vs 9.13 (control, 0 mg/ml) ±0.029, 

p<0.05]. ANWB-F had no effect on Lactobacillus spp. counts (P>0.05). 

ANWB-N (Figure 3.3, Table D.3): There was an ANWB-N concentration x time 

interaction on Lactobacillus spp., Bifidobacterium spp. and Enterobacteriaceae 

counts. Lactobacillus spp. counts were increased at 1 mg/ml at 10 and 24 h 

compared to the control (P<0.05). The concentration of 2.5 mg/ml had no effect 

on the Lactobacillus spp. counts at 10h, however, this concentration increased 

their counts at 24 h compared to the control (P<0.05). Bifidobacterium spp. 

counts were reduced at 2.5 and 5 mg/ml at 10 and 24 h compared to control 

(P<0.05). There was no effect of 1 mg/ml ANWB-N on Bifidobacterium spp. 

counts at 10 h, however, their counts were reduced at this concentration at 24 h 
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compared to the control (P<0.05). Furthermore, Bifidobacterium spp. counts 

dropped below the limit of detection of the QPCR (≈1.5 log transformed gene 

copy number/ 3μl plasmid) at the concentrations of 2.5 and 5 mg/ml ANWB-N. 

There were no effects of any ANWB-N concentration on the Enterobacteriaceae 

counts at 10 h compared to the control (P>0.05). However, Enterobacteriaceae 

had a very variable response to the different ANWB-N concentrations at 24 h. 

The concentrations of 1 and 2.5 mg/ml increased the Enterobacteriaceae counts 

compared to the control, whereas the concentration of 5 mg/ml reduced its counts 

compared to the control (P<0.05). There was an effect of the ANWB-N 

concentration on the counts of total bacteria. Overall, the total bacterial counts 

were increased at all ANWB-N concentrations compared to the control [9.15 (1 

mg/ml), 9.18 (2.5 mg/ml) and 9.22 (5 mg/ml) vs 8.64 (control, 0 mg/ml) ±0.036, 

p<0.05]. 
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Figure 3.1 Effect of FOS on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp. and d) Enterobacteriaceae in the batch fermentation assay (Least-square mean values with their standard 

errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces. 

a) b) 

c) d) 
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Figure 3.2 Effect of ANWB-F on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp. and d) Enterobacteriaceae in the batch fermentation assay (Least-square mean values with their standard 

errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces; U/D, undetectable. 

a) b) 

c) d) 
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Figure 3.3 Effect of ANWB-N on the log transformed gene copy number/g faeces of a) total bacteria, b) Lactobacillus spp., c) 

Bifidobacterium spp. and d) Enterobacteriaceae in the batch fermentation assay (Least-square mean values with their standard 

errors). LogGCN/g faeces, log transformed gene copy number per gram of faeces; U/D, undetectable. 

a) b) 

c) d) 
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3.4.3 Antibacterial and prebiotic properties of A. nodosum extracts in pure 

bacterial cultures 

The antibacterial and prebiotic activities of the A. nodosum extracts (ANWE, 

ANEE and ANE1 - 4) were evaluated in pure culture growth assays using a panel 

of selected beneficial (L. plantarum, L. reuteri, B. thermophilum) and pathogenic 

(ETEC, S. Typhimurium) bacterial strains and are presented in Table 3.5. The 

antibacterial activity against the ETEC strain was only evaluated for the ANE1 - 4 

extracts due to the strong anti-S. Typhimurium activity of ANE1. 

 

3.4.3.1 Conventional extraction methods 

ANWE: There was a quadratic effect of the increasing ANWE concentrations in 

the counts of L. plantarum, L. reuteri and B. thermophilum (P<0.05). The 

concentrations of 0.5 and 2 mg/ml ANWE were associated with the highest 

reduction in the counts of L. plantarum and L. reuteri respectively. B. 

thermophilum reached its highest counts at 1 mg/ml. There was a linear increase 

of S. Typhimurium in response to the increasing ANWE concentrations (P<0.05). 

ANEE: There was a linear increase of L. plantarum counts and a linear decrease 

of L. reuteri and B. thermophilum counts in response to the increasing ANEE 

concentrations (P<0.05). ANEE had no effect on the counts of S. Typhimurium at 

all concentrations tested (P>0.05). 

 

3.4.3.2 HAE methodology 

ANE1: There was a beneficial linear increase in the counts of L. reuteri in 

response to the increasing ANE1 concentrations (P<0.05). There was a linear 

decrease in the counts of B. thermophilum in response to the increasing ANE1 

concentrations (P<0.05). There was a beneficial quadratic effect of the increasing 

ANE1 concentrations in ETEC and S. Typhimurium with lowest counts for both 

bacterial strains observed at 2 mg/ml (P<0.05). ANE1 had no effect on the counts 

of L. plantarum at all concentrations tested (P>0.05).  

ANE2: There was a quadratic effect of the increasing concentrations of ANE2 on 

B. thermophilum and ETEC counts (P<0.05). The counts of B. thermophilum 

were reduced at all concentrations above 1 mg/ml (P<0.05).  In the case of 
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ETEC, its counts were initially increased at the lower ANE2 concentrations before 

reducing at 2 mg/ml (P<0.05).  There was a linear decrease in S. Typhimurium 

counts (P<0.05). ANE2 had no effect on the counts of L. plantarum and L reuteri 

at all concentrations tested (P>0.05). 

ANE3: ANE3 had no effect on the counts of all bacterial strains tested (P>0.05). 

ANE4: There was a beneficial linear increase in L. reuteri counts in response to 

the increasing ANE4 concentrations (P<0.05). There was a beneficial quadratic 

effect of the different ANE4 concentrations observed in B. thermophilum with 

maximum counts observed at 1 mg/ml (P<0.05). ANE4 had no effect on the 

counts of L. plantarum, ETEC and S. Typhimurium at all concentrations tested 

(P>0.05).
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Table 3.5 Bacterial counts following exposure to increasing concentrations of the A. nodosum extracts in the pure culture growth 

assays (Least-square mean values with their standard errors). 

A. nodosum 
extract 

Bacterial strain Final bacterial concentration (logCFU/ml) SEM Linear effect   
P-value 

Quadratic effect      
P-value 0 mg/ml 0.25 mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 

ANWE L. plantarum 7.55 7.17 6.89 6.96 7.10 0.10 <0.001 0.001 

 L. reuteri 7.06 5.70 5.17 5.66 1.68 0.22 0.422 0.032 

 B. thermophilum 6.67 6.82 6.97 7.24 7.26 0.13 0.002 0.050 

 S. Typhimurium 9.09 9.15 9.16 9.20 9.36 0.07 0.001 0.950 

          
ANEE L. plantarum 7.22 7.75 7.90 7.81 7.97 0.12 0.005 0.132 

 L. reuteri 7.12 6.07 5.92 4.78 1.43 0.17 <0.001 0.066 

 B. thermophilum 6.80 6.71 5.92 4.51 2.80 0.37 <0.001 0.645 

 S. Typhimurium 8.73 8.92 8.96 8.94 8.92 0.07 0.382 0.193 

          
ANE1 L. plantarum 7.89 7.91 7.95 7.91 7.96 0.07 0.373 0.813 

 L. reuteri 7.59 7.42 7.71 7.72 7.78 0.08 0.036 0.630 

 B. thermophilum 6.57 6.55 6.46 6.24 5.63 0.15 <0.001 0.364 

 ETEC 8.26 8.36 8.23 8.14 3.36 0.10 <0.001 <0.001 

 S. Typhimurium 8.88 8.65 8.98 8.76 3.41 0.09 <0.001 <0.001 

          
ANE2 L. plantarum 7.70 7.83 7.83 8.01 7.90 0.08 0.125 0.085 

 L. reuteri 7.17 7.08 7.21 7.15 7.11 0.08 0.992 0.583 

 B. thermophilum 6.69 6.56 6.69 6.26 5.62 0.05 0.423 0.016 

 ETEC 8.42 8.96 8.87 8.56 7.44 0.14 0.033 0.001 

 S. Typhimurium 8.94 9.06 9.08 8.96 8.79 0.07 0.011 0.117 

          
ANE3 L. plantarum 7.87 7.88 7.90 7.93 7.92 0.06 0.488 0.690 

 L. reuteri 7.31 7.37 7.34 7.24 7.28 0.10 0.217 0.531 

 B. thermophilum 6.69 6.54 6.55 6.47 6.53 0.17 0.768 0.602 

 ETEC 8.40 8.45 8.58 8.56 8.63 0.07 0.235 0.806 
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 S. Typhimurium 8.98 8.97 8.87 9.06 8.90 0.04 0.549 0.345 

          
ANE4 L. plantarum 7.95 7.98 8.03 8.16 8.08 0.05 0.225 0.179 

 L. reuteri 7.50 7.65 7.55 7.61 7.70 0.06 0.043 0.921 

 B. thermophilum 6.48 7.01 7.13 7.35 7.37 0.11 <0.001 0.004 

 ETEC 8.66 8.56 8.58 8.75 8.68 0.10 0.300 0.672 

 S. Typhimurium 9.11 9.19 9.09 9.16 9.01 0.05 0.168 0.185 

CFU, colony-forming unit. 
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3.5 Discussion 

In this study the influence of harvest season on the effects of the whole biomass 

samples of A. nodosum on selected intestinal bacterial populations was 

evaluated in a batch fermentation assay using pig faeces as inoculum. FOS was 

included as a prebiotic control. As expected, the addition of the prebiotic FOS 

increased the counts of total bacteria and Bifidobacterium spp. while reducing the 

Enterobacteriaceae counts. Both ANWB-F and ANWB-N increased total bacterial 

counts while reducing Bifidobacterium spp. and Enterobacteriaceae counts 

indicating that seasonal variation may not have a great influence on their 

bioactivity. This is further supported by the proximate composition analysis of 

ANWB-F and ANWB-N, as both whole biomass samples had similar content of 

total soluble sugars and fucoidan with the latter being the main polysaccharide for 

both samples. A panel of pure culture growth assays that included selected 

beneficial and pathogenic bacterial strains was then used to evaluate the 

influence of the different conditions of the novel HAE methodology and the 

conventional extraction methods on the antibacterial and prebiotic potential of the 

A. nodosum extracts. From the extracts produced using the different conditions of 

the novel HAE methodology, ANE1 displayed strong antibacterial activity against 

S. Typhimurium and ETEC but also reduced B. thermophilum counts, while ANE4 

had a prebiotic effect as it stimulated the growth of B. thermophilum. The 

conventionally produced ANWE and ANEE exhibited variable effects on the 

growth of the beneficial bacterial strains characterised by an increase in B. 

thermophilum and L. plantarum for ANWE and ANEE, respectively, and 

reductions in the counts of the others and no antibacterial activity against S. 

Typhimurium. Fucoidan was considered the bioactive compound most likely 

associated with the antibacterial and prebiotic activities of ANE1 and ANE4, 

respectively, as this polysaccharide represented approximately a third of these 

extracts. The observed variability in bioactivity was assumed to be due to 

structural alterations in fucoidan. The poor performance of ANWE and ANEE 

might be partly explained by their low polysaccharide and fucoidan content which 

also indicates that the conventional extraction methods are inefficient in 

extracting seaweed polysaccharides.     
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ANWB-F, ANWB-N and FOS were evaluated in the batch fermentation assay to 

ascertain their effects on total bacteria, Bifidobacterium spp., Enterobacteriaceae 

and Lactobacillus spp. in the faecal microbiota of weaned pigs. FOS increased 

total bacterial and Bifidobacterium spp. counts and reduced Enterobacteriaceae 

counts in agreement with another batch fermentation assay using pig faeces 

(Han et al., 2014) or weaned pig studies (Lynch et al., 2007; Patterson et al., 

2010). The reduction in Enterobacteriaceae counts was probably associated with 

colonisation resistance mechanisms most likely due to the stimulation of 

Bifidobacterium spp. (Buffie and Pamer, 2013). Both ANWB-F and ANWB-N 

increased total bacterial counts while reducing Bifidobacterium spp. counts in a 

clear concentration-dependent manner and Enterobacteriaceae counts. A linear 

reduction in Bifidobacterium spp. counts and relative abundance of Actinobacteria 

phylum that includes the Bifidobacterium genus in response to the increasing 

dietary levels of A. nodosum, air-dried whole biomass sample and crude extract, 

has previously been observed in pigs and rams (Gardiner et al., 2008; Zhou et 

al., 2018). The inhibitory effect of A. nodosum, whole biomass samples and crude 

extract, on Enterobacteriaceae has also been supported by a number of in vitro 

and in vivo studies (Dierick et al., 2009; Belanche et al., 2016; Gardiner et al., 

2008; Zhou et al., 2018). ANWB-N solely showed some potential to stimulate 

Lactobacillus spp. growth which was also observed elsewhere (Gardiner et al., 

2008). However, whole A. nodosum biomass was also reported to reduce or have 

no effect on Lactobacillus spp. counts in in vitro and in vivo models of weaned 

pigs suggesting a more variable response of this bacterial population to A. 

nodosum which is probably associated with differences in its composition (Dierick 

et al., 2009).  

Proximate composition analysis of ANWB-F and ANWB-N revealed no major 

differences in total soluble sugars in contrast to a previous study that identified 

November and February as the months with the highest and lowest total 

carbohydrate content, respectively (Tabassum et al., 2016b).  The lack of any 

difference in total carbohydrate content supports the similar effects observed in 

the batch fermentation assay. The main polysaccharide present in the A. 

nodosum samples was fucoidan without any significant variation in concentration 

between February and November, in agreement with another study (Fletcher et 

al., 2017). Fucoidans are a group of heterogenous sulphated polysaccharides in 
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brown seaweeds with a backbone of α-linked-L-fucose residues (α-1,3 or 

alternating α-1,3/ α-1,4) and varying degree of branching and sulphate and other 

monosaccharides content (Ale and Meyer, 2013). As fucoidan was the major 

polysaccharide in ANWB-F and ANWB-N, we hypothesised that this was the 

bioactive influencing the reduction in Enterobacteriaceae and Bifidobacterium 

spp. counts. This assumption is further supported by the previously reported 

antibacterial activity of fucoidan against various Gram-negative and Gram-

positive bacterial species (Palanisamy et al., 2019). In the case of 

Bifidobacterium spp., the observed reduction in their counts could be the result of 

a combination of  direct antibacterial activity and inhibition of the bacterial 

carbohydrate-degrading enzymes due to fucoidan (Kim et al., 2014) and the 

phenolic fraction (Lordan et al., 2013; Apostolidis et al., 2011). The results of the 

batch fermentation assay and the proximate composition of the whole seaweed 

biomass samples collected in February and November suggest that harvest 

season possibly had no great influence on the effects of A. nodosum on the 

faecal microbiota. Nevertheless, this indication should be further explored in 

future studies on the influence of seasonal variation on A. nodosum bioactivity. 

Based on all the above, ANWB-F was used to subsequently produce the A. 

nodosum extracts due to its less severe impact on the Bifidobacterium spp. 

population. 

The second part of the study investigates the influence of the extraction 

methodology on the antibacterial and prebiotic activity of A. nodosum in a panel 

of pure culture growth assays. Two representative pathogens were selected from 

the Enterobacteriaceae family which was reduced in the batch fermentation 

assay by the A. nodosum samples. These were  S. Typhimurium, a major 

foodborne pathogen, with pork products as a common source of human infection 

(Bonardi, 2017) and ETEC which is involved in the development of post-weaning 

diarrhoea in commercially weaned pigs (Rhouma et al., 2017). The effects of A. 

nodosum extracts on three beneficial bacterial strains (L. plantarum, L. reuteri, B. 

thermophilum) was also evaluated. L. plantarum, L reuteri and B. thermophulum 

are indigenous members of the gastrointestinal microbiota in humans and pigs 

with important contributions to colonisation resistance against intestinal 

pathogens, immunomodulation and maintenance of intestinal integrity (De 

Angelis et al., 2006; Moroni et al., 2006; Klose et al., 2010a; Bosch et al., 2012; 
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da Silva Sabo et al., 2014; Tanner et al., 2014a; Hou et al., 2015b; Gagnon et al., 

2016; Van den Nieuwboer et al., 2016; Mu et al., 2018). ANWE and ANEE 

extracts, produced using the conventional extraction methods, were initially 

tested. ANWE was associated with an increase in B. thermophilum and S. 

Typhimurium counts, and a reduction of both Lactobacillus spp. strains. ANEE, 

on the other hand, increased L. plantarum, but reduced the other two beneficial 

strains. The next set of extracts evaluated was ANE1 - 4 that were produced 

using the different conditions of the HAE methodology. ANE1 was highly potent in 

reducing the counts of both pathogens, while ANE2 exhibited some antibacterial 

activity against S. Typhimurium and ETEC. ANE1 and ANE2 also maintained the 

antibacterial activity of the parent ANWB-F against Bifidobacterium spp. as they 

both reduced B. thermophilum. However, ANE1 increased slightly the counts of L. 

reuteri. Interestingly, ANE4 displayed a strong bifidogenic activity with an 

additional stimulation of L. reuteri growth but had no inhibitory activity against S. 

Typhimurium and ETEC. ANE3 was the least effective A. nodosum extract with 

no effect on the growth of any of the tested bacterial strains. Taken all the above 

together, the two most potent extracts produced using the HAE methodology 

were the antibacterial ANE1 and the prebiotic ANE4, both of which are promising 

candidates for dietary modulation of the gastrointestinal microbiota. Contrarily, 

the variable effects of ANWE and ANEE obtained from the conventional 

extraction methods indicate that these extracts are probably unsuitable for such 

application. 

The antibacterial and bifidogenic activities of ANE1 and ANE4, respectively, could 

possibly be associated with fucoidan that represented approximately a third of the 

ANE1 - 4 with the variation in bioactivity between extracts most likely attributed to 

changes in the chemical structure of fucoidan due to the different extraction 

conditions (Table 3.1). Alterations in the chemical composition and sulphate 

content and lower molecular weight due to partial hydrolysis were reported in the 

extracted fucoidan from A. nodosum in response to increasing extraction 

temperature and with the use of HCl as solvent (Yuan and Macquarrie, 2015a; 

Yuan and Macquarrie, 2015b). The assumption that the variation in antibacterial 

activity is associated with structural changes of fucoidan is further supported by 

the increase in the antibacterial activity of fucoidan from Laminaria spp., 

Sargassum spp. and Undaria spp. after depolymerization (Liu et al., 2017; Huang 
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et al., 2018a; Saravana et al., 2018; Palanisamy et al., 2019). Depolymerised 

fucoidan is considered to exert its antibacterial activity by interfering with the 

integrity and permeability of the bacterial cell membrane resulting in cell death 

(Liu et al., 2017; Palanisamy et al., 2019) and by nutrient trapping resulting in 

reduced nutrient availability (Huang et al., 2018a). Furthermore, the direct 

antibacterial activity of fucoidan was found to be stronger against Gram-negative 

than Gram-positive bacteria (Liu et al., 2017) supporting the higher reduction of 

S. Typhimurium and ETEC compared to B. thermophilum by ANE1. Regarding 

the bifidogenic activity of ANE4, it was previously reported that the bifidobacterial 

genome encodes for various glycoside hydrolase families including α-L-

fucosidases, thus, enabling Bifidobacterium spp. to utilise fucoidan (O'Callaghan 

and van Sinderen, 2016; Cherry et al., 2019). Furthermore, low molecular weight 

fucoidans from Laminaria spp. and Sargassum spp. were associated with 

improved Bifidobacterium spp. counts in a batch fermentation with human faeces 

(Kong et al., 2016) and in a pure culture growth assay (Hwang et al., 2016). All 

the above support our assumption that fucoidan in ANE4 increased B. 

thermophilum counts in the pure culture assay. Dietary supplementation with a 

fucoidan-rich Laminaria spp. extract and fucoidan from A. nodosum increased 

previously Lactobacillus spp. counts in finishing pigs and mice, respectively 

(Lynch et al., 2010; Shang et al., 2016). The increase in Lactobacillus spp. is 

probably the result of cross-feeding after fucoidan degradation by other members 

of the microbiota, although some members of the Lactobacillus genus were able 

to partially utilise fucoidan from A. nodosum as indicated in the current study 

(slight increase in L. reuteri counts) and observed elsewhere (Okolie et al., 2019). 

Based on the above, fucoidan was most likely the bioactive component in ANE1 

and ANE4 associated with the antibacterial and prebiotic activities with the 

variation between ANE1 - 4 attributed to structural alterations in this 

polysaccharide due to the different extraction conditions of HAE methodology. 

However, further compositional characterisation of ANE1 and ANE4 is required to 

confirm these assumptions. 

A major drawback of conventional extraction methods is the inefficient extraction 

of seaweed polysaccharides (Kadam et al., 2013) This was also evident in the 

ANWE and ANEE that had a lower polysaccharide content compared to ANE1 - 4 

(8.95% for ANWE and 6.64% for ANEE vs 28.06 - 31.54% for ANE1 - 4).The 
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poorer performance of ANWE and ANEE could be attributed to the low 

polysaccharide content that consisted of other seaweed polysaccharides such as 

alginate, laminarin and mannitol apart from fucoidan (2.44% for ANWE and 

0.80% for ANEE) and the presence of other bioactives such as polyphenols 

(Holdt and Kraan, 2011). Compositional characterisation of ANWE and ANEE 

may have provided a better understanding of their effects on bacterial growth in 

this study; however, these extracts were not evaluated further due to their mostly 

negative impact on the beneficial bacterial strains.    

 

3.6 Conclusions 

In conclusion, both whole A. nodosum biomass samples harvested in different 

seasons (ANWB-F and ANWB -N) reduced Bifidobacterium spp. and the 

Enterobacteriaceae family in the batch fermentation assay indicating that the 

harvest season may have no great influence on the presence of the associated 

bioactives. From the extracts produced using the HAE methodology, ANE1 

exhibited strong antibacterial activity against S. Typhimurium and ETEC, while 

ANE4 had a bifidogenic potential. Regarding the two extracts produced using the 

traditional solvent extraction method with water (ANWE) or ethanol (ANEE) as 

solvent, they had variable effects on the growth of the beneficial bacterial strains 

with no antibacterial activity against S. Typhimurium. In contrast, the HAE 

methodology produced polysaccharide-rich A. nodosum extracts with enhanced 

beneficial bioactivities. Thus, the novel HAE methodology with the E1 and E4 

extraction conditions seems promising extraction protocols to obtain extracts with 

antibacterial and prebiotic potential that merits to be further investigated in other 

seaweed species.  

As fucoidan was the major polysaccharide in ANE1 and ANE4, representing 

approximately 27% in each extract, the antibacterial and prebiotic activities are 

most likely attributed to structural alterations in this polysaccharide. Nevertheless, 

future studies should focus on purifying these extracts to identify the 

compound(s) that exhibit these activities. As purification processes can be 

expensive, the antibacterial and prebiotic activity of these extracts should be 

further confirmed in animal studies as potential nutritional strategies to control 
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intestinal pathogens and promote a more beneficial composition of the 

gastrointestinal microbiota.  
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Chapter 4. In vitro evaluation of brown seaweed 

Laminaria spp. as a source of antibacterial and prebiotic 

extracts that could modulate the gastrointestinal 

microbiota of weaned pigs 
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4.1 Abstract 

Laminaria spp. extracts are promising natural dietary supplements that could 

alleviate gastrointestinal dysbiosis in pigs during weaning. However, the 

biological activity of these extracts depends on several factors such as seaweed 

species, harvest season and extraction methodology. The objectives of this study 

were to evaluate: 1) whether seaweed species and harvest season influence the 

effects of the whole biomass samples of L. hyperborea (LHWB-F, LHWB-N) and 

L. digitata (LDWB-F, LDWB-N) collected in February and November on selected 

faecal bacterial populations in a batch fermentation assay, and 2) whether L. 

hyperborea (LHE1 - 4) and L. digitata (LDE1 - 4) extracts produced using the 

different conditions of a novel hydrothermal-assisted extraction (HAE) 

methodology exhibited improved antibacterial and prebiotic activities in a panel of 

pure culture growth assays. In the batch fermentation assay, diluted pooled pig 

faeces were mixed with 5, 2.5, 1 and 0 mg/ml LHWB-F, LHWB-N, LDWB-F and 

LDWB-N to investigate their effects on selected bacterial populations. The 

seaweed species influenced the growth of total bacteria, Lactobacillus spp. and 

Enterobacteriaceae. Bifidobacterium spp. growth was influenced by both 

seaweed species and harvest season. LHWB-F and LHWB-N had lower 

Bifidobacterium spp. counts compared to LDWB-F and LDWB-N, with LHWB-F 

having a less severe effect compared to LHWB-N (P<0.05). LHWB-F and LDWB-

N reduced Enterobacteriaceae counts (P<0.05). LHWB-F and LDWB-F were 

selected as the most and least promising sources of antibacterial extracts; and 

were used to produce LHE1 - 4 and LDE1 - 4 using the different extraction 

conditions of the HAE methodology. In the pure culture growth assays, the effects 

of the increasing concentrations (0, 0.125, 0.25, 0.5, 1 and 2 mg/ml) of LHE1 - 4 

and LDE1 - 4 on the growth of Lactobacillus plantarum, L. reuteri, Bifidobacterium 

thermophilum, Enterotoxigenic Escherichia coli and Salmonella Typhimurium 

were evaluated. E1 and E4 extraction conditions were predominantly associated 

with antibacterial and bifidogenic activities, respectively. LHE1 had a strong 

antibacterial activity against S. Typhimurium and ETEC, with LDE1 reducing both 

pathogenic strains to a lesser extent. Both LHE1 and LDE1 reduced B. 

thermophilum counts. LDE4 exhibited a strong bifidogenic activity, whereas LHE4 

increased the growth of B. thermophilum and L. plantarum. In conclusion, several 

extracts with potent antibacterial or bifidogenic activities were identified in vitro of 
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which LHE1 seems a promising candidate to alleviate dysbiosis in pigs during the 

post-weaning period by suppressing the growth of intestinal pathogens. Fucoidan 

was considered as the bioactive component most likely to be exerting the 

antibacterial and bifidogenic activities.   
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4.2 Introduction 

The gastrointestinal microbiota supports host health and growth via its 

contributions to nutrition, development and function of the immune system and 

colonisation resistance against pathogens (Belkaid and Hand, 2014; Rolhion and 

Chassaing, 2016; Rowland et al., 2018). In a healthy state, this microbial 

community is characterised by compositional and functional stability and diversity 

and resilience to externally induced perturbations (Lozupone et al., 2012). 

Contrarily, dysbiosis is a state of imbalance in the composition and function of the 

microbiota characterised by decrease of beneficial microorganisms and/or 

overgrowth of pathogens and/or loss of overall diversity, with a negative impact 

on gastrointestinal health (DeGruttola et al., 2016). Commercial weaning in pigs 

is a typical example, whereby the transition from milk to solid feed, coupled with 

emotional, social and environmental stressors lead to gastrointestinal dysfunction 

characterised by a dysbiotic microbiota that predisposes animals to intestinal 

infection and disease (Gresse et al., 2017; Campbell et al., 2013).  

In a recent review, marine macroalgae or seaweeds were considered a promising 

source of natural dietary supplements to promote gastrointestinal health and 

growth in weaned pigs (Corino et al., 2019).  Brown seaweeds are rich in non-

digestible polysaccharides, minerals, polyphenols and vitamins (Holdt and Kraan, 

2011; Biancarosa et al., 2018). A wide range of biological activities (de Jesus 

Raposo et al., 2015) have been attributed to the different seaweed components, 

particularly to fucoidan and laminarin, including prebiotic (Cherry et al., 2019; 

O'Sullivan et al., 2010) and antibacterial (Perez et al., 2016; Shannon and Abu-

Ghannam, 2016) potential. However, various factors influence the concentration, 

structure and biological activity of the seaweed polysaccharides such as seaweed 

species, season, environmental conditions and extraction methodologies (Garcia-

Vaquero et al., 2017; Perez et al., 2016). A promising way to improve the 

efficiency of the different extraction methodologies is to optimise the extraction 

conditions for a selected seaweed polysaccharide and/or bioactivity using the 

response surface methodology, a multivariate statistic technique, as it was 

recently done by Garcia-Vaquero et al. (2019). In this study, a novel 

hydrothermal-assisted extraction (HAE) methodology with optimised 

combinations of temperature, time and solvent to seaweed ratio for the best 
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concentration of laminarin and/or fucoidan and/or antioxidant activity was 

developed using response surface methodology. The use of the HAE 

methodology produced seaweed extracts with enhanced antibacterial and 

prebiotic activity compared to the conventional extraction methods in our previous 

work (Chapter 3). 

A promising source of biologically active non-digestible polysaccharides is the 

brown seaweed Laminaria spp. Dietary supplementation of pigs at different 

growth stages with crude Laminaria spp. extracts led consistently to a reduction 

in Enterobacteriaceae numbers (Reilly et al., 2008; Lynch et al., 2010; O'Doherty 

et al., 2010; Leonard et al., 2011; Rattigan et al., 2020b; Vigors et al., 2020). 

Several animal and human pathogens such as Salmonella enterica subsp. 

enterica serotype Typhimurium and pathogenic Escherichia coli strains belong to 

this bacterial family (Quinn et al., 2011; Heredia and Garcia, 2018). Furthermore, 

an increase in Enterobacteriaceae family is considered as an indication of 

dysbiosis and a risk factor of diarrhoea post-weaning in pigs (Dou et al., 2017; 

Gresse et al., 2017). Dietary supplementation of pigs with crude Laminaria spp. 

extracts led to a more variable response in the intestinal Lactobacillus spp. and 

Bifidobacterium spp. populations, as both increases (Rattigan et al., 2020b) and 

decreases (Reilly et al., 2008; Lynch et al., 2010) in their counts have been 

reported. Lactobacillus spp. are dominant members of the gastrointestinal 

microbiota in pigs with important role in growth and health via their contributions 

in nutrition, inhibition of pathogen colonisation and immunomodulation (Lebeer et 

al., 2008; Valeriano et al., 2017). Bifidobacterium spp. are considered a beneficial 

bacterial population due to their probiotic status (Liao and Nyachoti, 2017) 

despite being present in low abundance in the gastrointestinal tract of pigs 

(Mikkelsen et al., 2003).   

This study focused on the antibacterial and prebiotic potential of two 

polysaccharide-rich members of the Laminaria spp., L. digitata and L. hyperborea 

with an average total carbohydrate content of 70.7% and 65.5% of dry weight, 

respectively (Schiener et al., 2015). Batch fermentation and pure culture growth 

assays were useful screening tools in assessing the direct effects of whole 

biomass seaweed samples and their extracts on key bacterial populations and 

species in the porcine gastrointestinal tract (Chapter 3). Thus, the first objective 
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of this study was to evaluate whether seaweed species and harvest season 

influenced the effects of the whole biomass samples of L. digitata and L. 

hyperborea on selected faecal bacterial populations in a batch fermentation 

assay inoculated with pig faeces. The second objective was to investigate 

whether the extracts of L. digitata and L. hyperborea produced using the different 

extraction conditions of the HAE methodology exhibited improved antibacterial 

and prebiotic activities in a panel of pure culture growth assays. 

  

4.3 Material and Methods 

4.3.1 Laminaria spp.: whole biomass samples and extracts 

A summary of the preparation conditions for the whole biomass samples and 

extracts of Laminaria digitata and Laminaria hyperborea that were used in this 

study are presented in Table 4.1, with further details as follows: 

Whole seaweed biomass: Laminaria digitata and Laminaria hyperborea were 

harvested in February (LDWB-F and LHWB-F) and November (LDWB-N and 

LHWB-N) once and from the same collection site for each seaweed species by 

Quality Sea Veg Ltd. (Co. Donegal, Ireland). Whole seaweed biomass samples 

were oven-dried, ground and stored at room temperature as described previously 

(Garcia-Vaquero et al., 2019). The dried whole seaweeds biomass samples were 

tested in the fermentation assay.  

HAE methodology: Extracts of LDWB-F and LHWB-F, were produced using a HAE 

methodology with optimised extraction conditions (temperature, incubation time 

and solvent (0.1 M HCl) to seaweed ratio), as described previously by Garcia-

Vaquero et al. (2019). Each extraction condition was optimised to give the best 

concentration of fucoidan (E1), laminarin (E2), antioxidant activity (E3) and all the 

above (E4). These extracts (LDE1 - 4 and LHE1 - 4) were freeze-dried and tested 

in the pure culture growth assays. 

Proximate composition of the whole seaweed biomass samples and laminarin and 

fucoidan content of seaweed extracts: The compositional analysis of the whole 

biomass samples of L. digitata and L. hyperborea and the concentrations of 

laminarin and fucoidan in their extracts were determined as in Section 3.3.1 of 

Chapter 3. The dry matter of the whole biomass samples of L. digitata and L. 
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hyperborea was determined by oven-drying the samples at 105 °C for 16 h. The 

ash content of the whole biomass samples of L. digitata and L. hyperborea was 

determined after ignition of a weighed sample in a muffle furnace (Nabertherm, 

Bremen, Germany) at 550 °C for 6 h according to the AOAC.942.05 (AOAC, 

2005). The nitrogen content of the whole biomass samples of L. digitata and L. 

hyperborea was determined using the LECO FP 528 instrument (Leco Instruments 

UK Ltd., Cheshire, UK) using the conversion factor 4.17 as described for brown 

seaweeds to calculate protein content (Biancarosa et al., 2017). The ether extract 

of the whole biomass samples of L. digitata and L. hyperborea was determined 

using Soxtec instrumentation (Tecator, Sweden) following the AOAC.920.39 

(AOAC, 2005). The total soluble sugars of the whole biomass samples of L. 

digitata and L. hyperborea were determined following the phenol-sulfuric acid 

assay as described previously (Brummer and Cui, 2005). Total phenolic content of 

the whole biomass samples of L. digitata and L. hyperborea was determined after 

pre-treatment with 80% methanol using the Folin-Ciocalteu phenol reagent 

following the method described by Ganesan et al. (2008) with slight modifications 

(Ainsworth and Gillespie, 2007). The total glucans of the whole biomass samples 

of L. digitata and L. hyperborea were determined using the kit K-YBGL 

(Megazyme, Co. Wicklow, Ireland) according to the manufacturer’s instructions. 

The concentration of laminarin in the LDE1 - 4 and LHE1 - 4 was determined with 

high-performance liquid chromatography (HPLC) (Varian Prostar HPLC system, 

Agilent Technologies, Santa Clara, CA, USA) using a calibration curve of 

commercial laminarin from Laminaria digitata (Sigma-Aldrich, St. Louis, MO, USA) 

as described by Rajauria et al. (2021). The fucose as an estimation of fucoidan in 

the whole biomass samples of L. digitata and L. hyperborea and fucoidan in the 

LDE1 - 4 and LHE1 - 4 were determined according to the method described by 

Usov et al. (2001), with modifications as described by Garcia-Vaquero et al. 

(2019). Similar to laminarin, the concentration of fucose and fucoidan were 

determined with HPLC using calibration curves of L-(-)-fucose (Sigma-Aldrich, St. 

Louis, MO, USA) and commercial fucoidan from Fucus vesiculosus (Sigma-Aldrich, 

St. Louis, MO, USA), respectively. All samples were analysed on two independent 

occasions (2 biological replicates) with three readings each time. 
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Table 4.1 Preparation of whole biomass samples of L. digitata and L. hyperborea 

and extraction conditions employed to obtain the different L. digitata and L. 

hyperborea extracts. 

* Extraction methods and conditions as described by Garcia-Vaquero et al. 

(2019). HAE, hydrothermal-assisted extraction; N/A, not applicable. 

 

 

4.3.2 Batch fermentation assay 

The preparation of the faecal inoculum and the batch fermentation assay were 

carried out as previously described in Section 2.3.2 of Chapter 2. 

Faecal inoculum: Faeces from 29 newly weaned crossbred pigs (Large White x 

Landrace) from a commercial farm (Perma pigs Limited, Co. Kildare, Ireland) 

were collected and pooled. The commercial farm had a Salmonella 

seroprevalence of 18% with no other diseases important to pig health and 

production being reported. Weaned pigs were fed a cereal- and milk-based diet.  

The pooled faeces were aliquoted and stored at -20 °C. The faecal inoculum (FI) 

was prepared one day prior to the batch fermentation assay by performing a 5-

fold dilution of the pooled faeces on a weight basis (1:5 w/v) in pre-reduced 

phosphate buffered saline (Sigma-Aldrich, St. Louis, MO, USA) after the addition 

of oxyrase (Sigma-Aldrich, St. Louis, MO, USA), an enzyme that removes oxygen 

from the broth. The FI was stored at 4 °C within a sealed container with anaerobic 

Laminaria spp. 
extract 

Extraction 
method* 

Solvent* Extraction conditions* Optimised for 
targeted bioactives 

LDWB-F 
LHWB-F 
LDWB-N 
LHWB-N 

N/A N/A Oven-dried at 50 °C for 9 
days and milled to 1 mm 

particle size 

N/A 

LDE1 
LHE1 

HAE 0.1 M HCl 120 °C 
62.1 min 

30 ml solvent/g seaweed 

Fucoidan 

LDE2 
LH/E2 

HAE 0.1 M HCl 99.3 °C 
30 min 

21.3 ml solvent/g seaweed 

Laminarin 

LDE3 
LHE3 

HAE 0.1 M HCl 120 °C 
76.06 min 

10 ml solvent/g seaweed 

Antioxidant activity 

LDE4 
LHE4 

HAE 0.1 M HCl 120 °C 
80.9 min 

12.02 ml solvent/g seaweed 

For laminarin, 
fucoidan and 

antioxidant activity 
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conditions established using AnaeroGen 2.5 L sachets (Thermo Fisher Scientific, 

Waltham, MA, USA) (Tran et al., 2016a). 

Fermentation assay: The modified batch fermentation assay was designed based 

on previous studies (Rossi et al., 2005; Tran et al., 2016a). The media and 

reagents used were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless 

otherwise stated. The composition of the fermentation medium (FM-medium) was 

as follows: 5 g/L yeast extract (Y1625), 10 g/L ascorbic acid (A4544), 10 g/L 

sodium acetate (S5636), 5 g/L (NH4)2SO4 (A3920), 2 g/L urea (U5378), 0.2 g/L 

MgSO47H2O (M2773), 0.01 g/L FeSO47H2O (F8633), 0.007 g/L MnSO4xH2O ( 

M7899),  0.01 g/L NaCl (S5886), 1 ml/L Tween 80 (P4780), 0.05 g/L hemin 

(51280) and 0.5 g/L L-cysteine hydrochloride (C1276). The pH was adjusted to 

7.0. The FM-medium was autoclaved for dissolution and sterilisation and stored 

at 4 °C. LDWB-F, LHWB-F, LDWB-N and LHWB-N were diluted in a final volume 

of 21 ml FI/FM medium at 1, 2.5 and 5 mg/ml concentrations. The FI:FM-medium 

ratio was 1:10 v/v. The batch fermentation was carried out in glass tubes 

(PYREX™ Disposable Round-Bottom Rimless Glass Tubes, Fisher Scientific, Co. 

Dublin, Ireland) with rubber stoppers (Saint-Gobain Rubber stopper grey blue 

17/22 x H 25MM, VWR, Co. Dublin, Ireland). Anaerobic conditions were 

established and maintained by the addition of oxyrase and CO2 flushing. Control 

tubes containing only FI and FM medium were also included. All tubes were 

incubated at 39 °C for 24 h with gentle stirring (100 rpm). A volume of 5 ml 

fermentation broth was collected at 0 and 24 h in duplicate tubes. The collected 

samples were centrifuged at 12,000xg for 5 minutes. The resultant pellets were 

stored in -20 °C until further analysis. All experiments were repeated on three 

independent occasions, hence, 3 biological replicates. Each biological replicate 

consisted of a single tube per compound concentration (4 tubes/biological 

replicate, Figure 2.1 in Section 2.3.2 of Chapter 2). 

 

4.3.3 Quantification of bacterial groups using quantitative real time 

polymerase chain reaction (QPCR) 

DNA extraction and quantification of the selected bacterial groups were carried 

out as described previously in Section 2.3.4 of Chapter 2. 
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DNA extraction: Microbial genomic DNA was extracted using QIAamp Fast DNA 

stool mini kit (Qiagen, West Sussex, UK) according to the manufacturer’s 

instructions. The DNA quantity and quality were evaluated using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Bacterial primers: The list of the domain-, family- or genus-specific primers 

targeting the 16S rRNA gene of the selected bacterial groups are provided in 

Table 4.2. All bacterial primers were available in the literature. Primers were 

designed using two tools, Primer3 (https://primer3.org/) for larger amplicons 

(>150 bp) and Primer Express™ (Applied Biosystems, Foster City, CA, USA) for 

smaller amplicons (<125 bp), and their specificity was verified using Primer Basic 

Local Alignment Search Tool (Primer-BLAST), 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi. 

Plasmid and standard curve preparation: Bacterial genomic DNA from 

Bifidobacterium thermophilum (DSMZ 20210), Lactobacillus plantarum (DSMZ 

20174) and Salmonella enterica subsp. enterica serotype Typhimurium phage 

type (PT) 12 was extracted from pure cultures using DNeasy® Blood & Tissue kit 

(Qiagen, West Sussex, UK). Bacterial strains were purchased from Leibniz 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures 

(Braunschweig, Germany) except for S. Typhimurium PT12 (Sweeney et al., 

2011). The targeted genes were amplified with a conventional PCR with the 

respective primers and genomic locations outlined in Appendix A (Table A.1). The 

amplicons were incorporated into a vector using the TOPO™ TA Cloning™ Kit for 

Sequencing (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA). One 

Shot™ TOP10 Chemically Competent E. coli were transformed according to the 

manufacturer’s instructions using a heat shock method. LB agar (Lennox, Co. 

Dublin, Ireland) plates containing ampicillin (100 µg/ml) were inoculated with the 

bacterial culture (50 µl) using a sterile plate spreader and were incubated at 37 

°C overnight. Individual colonies were re-plated, screened for the presence of the 

plasmid and preserved on cryoprotective beads (TS/71-MX, Protect Multi-

purpose, Technical Service Consultants Ltd., Lancashire, UK) that were stored at 

-80 °C. The transformed E. coli was re-cultured by transferring a single 

cryoprotective bead in 200 ml LB Broth Base (Invitrogen, Thermo Fisher 

Scientific, Carlsbad, CA, USA) containing ampicillin and incubated at 37 °C for 18 

https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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h at 150 rpm. The plasmids carrying the target genes were extracted on a large 

scale using the GenElute™ HP Plasmid Maxiprep kit (Sigma-Aldrich, St. Louis, 

MO, USA) and linearised using APA1 (Promega, Madison, WI, USA) restriction 

enzyme according to the manufacturer’s instructions. The linearised plasmids 

were further purified using the GenElute™ PCR Clean-Up kit (Sigma-Aldrich, St. 

Louis, MO, USA). The purified, linearised plasmids were quantified 

spectrophotometrically and copy number/μl was determined using an online tool 

which employs the formula mol/g * molecules/mol = molecules/g using 

Avogadro's number, 6.022x1023 molecules/mol available online by the URI 

Genomics & Sequencing Center (http://cels.uri.edu/gsc/cndna.html). Standard 

curves were prepared using 5-fold serial dilutions for the purposes of QPCR.   

QPCR: The final reaction volume (20 μl) included 3 μl template DNA, 1 μl of each 

primer (10 μM), 5 μl nuclease-free water and 10 μl of Fast SYBR® Green Master 

Mix (Applied Biosystems, Foster City, CA, USA) for the Lactobacillus spp. or 

GoTaq® qPCR Master Mix (Promega, Madison, WI, USA) for the remaining 

bacterial groups. All QPCR reactions were performed in duplicate and were 

carried out on the ABI 7500 Fast PCR System (Applied Biosystems, Foster City, 

CA, USA). The cycling conditions included a denaturation step of 95 °C for 10 

mins followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Dissociation 

curves were generated to confirm the specificity of the resulting PCR products. In 

addition, the PCR products were visualised on an agarose gel stained with 

ethidium bromide, to ensure that the PCR products from the sample and plasmid 

were of equal size. The efficiency of each QPCR reaction was established by 

plotting the threshold cycles (Ct) derived from 5-fold serial dilutions of the plasmid 

against their arbitrary quantities and only assays exhibiting 90 – 110% efficiency 

and single products were used in this study. Bacterial counts were determined 

using a standard curve derived from the mean Ct value and the log transformed 

gene copy number of the plasmid and expressed as log transformed gene copy 

number per gram of digesta (logGCN/g digesta). 

 

 

 

http://cels.uri.edu/gsc/cndna.html
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Table 4.2 List of forward and reverse primers used for the bacterial quantification 

by QPCR. 

Target bacterial 
group 

Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
size (bp)  

Tm (°C) References 

Total bacteria F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

291 64.2 
52.4 

Frank et al. 
(2007) 

Lactobacillus spp. F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

341 54.5 
55.2 

Metzler-Zebeli 
et al. (2010) 

Bifidobacterium spp. F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

125 60.3 
59.8 

Penders et al. 
(2005) 

Enterobacteriaceae F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

185 54.0 
56.3 

Takahashi et 
al. (2017) 

bp, base pairs; Tm, melting temperature. 

 

 

4.3.4 Bacterial strains and growth conditions 

The strains L. plantarum, L. reuteri (DSMZ 20016) and B. thermophilum were 

selected as they are commensals of the porcine gastrointestinal tract with well 

characterised health-promoting properties. The pathogenic strains were S. 

Typhimurium PT12, an important animal and foodborne pathogen and the 

enterotoxigenic Escherichia coli (ETEC) O149A+ that is involved in the post-

weaning diarrhoea of weaned pigs. This panel of bacterial strains was previously 

selected for their impact on pig and human health (Appendix B, Table B.1) and 

used in Chapter 2. L. plantarum, B. thermophilum and S. Typhimurium strains 

were as above, L. reuteri strain was purchased from Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures (Braunschweig, 

Germany) and ETEC was kindly provided from the Central Veterinary Research 

laboratory (DAFM-Laboratories Backweston, Co. Kildare, Ireland).  

All bacterial strains were revived from cryoprotective beads that were stored at -

20 °C.  L. plantarum and L. reuteri were inoculated in 10 ml de Man, Rogosa and 

Sharpe broth (MRS, Oxoid Ltd., Hampshire, UK) and incubated aerobically at 37 

°C for 48 h. B. thermophilum was streaked onto MRS agar (MRSA, Oxoid Ltd., 

Hampshire, UK) and incubated anaerobically at 37 °C for 48 h. Anaerobic 

conditions were established within sealed containers using AnaeroGen 2.5 L and 

3.5 L sachets (Thermo Fisher Scientific, Waltham, MA, USA). S. Typhimurium 

and ETEC were inoculated in 10 ml Tryptone Soya Broth (TSB, Oxoid Ltd., 

Hampshire, UK) and incubated aerobically at 37 °C for 48 h. All bacterial strains 



134 
 

were sub-cultured by transferring 1 ml of the previous culture to 9 ml of the 

respective sterile medium and incubated aerobically at 37 °C for 24 h. In the case 

of B. thermophilum a few colonies were inoculated into 10 ml MRS and incubated 

anaerobically at 37 °C for 24 h. The Lactobacillus spp. strains and S. 

Typhimurium and ETEC cultures were additionally streaked on MRSA and 

Tryptone Soya Agar (TSA, Oxoid Ltd., Hampshire, UK) respectively to ensure 

purity. The 24 h cultures were used for the subsequent assays.  

 

4.3.5 Pure culture growth assays 

The assays were designed based on methodologies from previous experiments 

with some modifications (Kontula et al., 1998; Kaplan and Hutkins, 2000; 

Crittenden et al., 2002) and were previously described in Section 2.3.6 of Chapter 

2. Briefly, the assays were carried out in 96-well microtiter plates (CELLSTAR, 

Greiner Bio-One, Kremsmünster, Austria). LDE1 - 4 and LHE1 - 4 were diluted in 

10% MRS and 10% TSB at a working concentration of 4 mg/ml and were stored 

at 4°C. Contamination checks were performed regularly to ensure the sterility of 

the subsequent assays. Further 2-fold dilutions (2 - 0.125 mg/ml) were performed 

each time prior to the assay. All bacterial strains were diluted in 10% medium 

(MRS or TSB) to obtain an inoculum of 106 - 107 CFU (colony-forming unit)/ml 

with initial bacterial enumeration being performed each time. 100 μl of each 

extract and each dilution was transferred to duplicate wells and 100 μl inoculum 

was added. Control wells containing 100 μl of 10% medium and 100 μl inoculum 

were also included. To evaluate the sterility, blank wells containing 100 μl of 10% 

medium and 100 μl of each dilution of each extract were included. Plates were 

agitated gently to ensure thorough mixing and incubated aerobically at 37 °C for 

18 h, apart from B. thermophilum that was incubated anaerobically.  

After incubation, spread plating was used to determine both the bacterial viability 

and counts at the increasing concentrations of each extract. A modified Miles and 

Misra method was used to determine the final bacterial concentration (Miles et 

al., 1938). Briefly, the content of the wells was mixed by pipetting and 25 μl from 

each well was transferred to 225 μl Maximum Recovery Diluent (MRD, Oxoid 

Ltd., Hampshire, UK). Following a 10-fold serial dilution (10-1 - 10-8), 20 μl was 

inoculated onto MRSA for L. plantarum, L. reuteri and B. thermophilum and TSA 
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for ETEC and S. Typhimurium. Plates were incubated aerobically at 37 °C for 24 

h with the exception of B. thermophilum which was incubated anaerobically at 37 

°C for 48 h. The dilution resulting in 5 - 50 colonies was selected for the 

calculation of CFU/ml using the formula, CFU/ml = Average colony number * 50 * 

dilution factor. The bacterial counts were logarithmically transformed (logCFU/ml) 

for the subsequent statistical analysis. All experiments were carried out with 

technical replicates on three independent occasions, hence, 3 biological 

replicates.  

 

4.3.6 Statistical analysis 

Statistical analysis was performed using Statistical Analysis Software (SAS) 9.4 

(SAS Institute, Cary, NC, USA). All data were initially tested for normality using 

PROC UNIVARIATE procedure.  

Batch fermentation assay: The bacterial counts of the selected bacterial groups in 

all flasks (0, 1, 2.5 and 5 mg/ml) for each tested compound (n=12, 3 flasks/each 

compound concentration) were analysed using PROC GLM procedure. The 

statistical model included the fixed effects of seaweed species (L. digitata, L. 

hyperborea), season of collection (February, November), concentration of whole 

biomass (0, 1, 2.5 and 5 mg/ml) and assay replicate (3 biological replicates) and 

their associated two- and three-way interactions with the bacterial counts at 0 h 

as a covariate.  

Pure culture growth assay: To control for the natural variability in bacterial growth 

in the pure culture assays, bacterial counts were expressed as the difference 

between the counts of each bacterial strain for each extract concentration and 

their respective control (0 mg/ml). The resulting positive or negative values 

representing the difference in bacterial counts were analysed using PROC GLM 

procedure. The statistical model assessed the effects of seaweed species (L. 

digitata, L. hyperborea), extraction conditions (E1 - 4) and concentration of 

extracts (0.125, 0.25, 0.5, 1 and 2 mg/ml) and their associated two- and three-

way interactions. The biological replicate was the experimental unit. 

Probability values of <0.05 denote statistical significance. Results are presented 

as least-square mean values ± standard error of the means (SEM).  
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4.4 Results 

 4.4.1 Proximate composition of L. digitata and L. hyperborea, and laminarin 

and fucoidan content of their extracts 

The proximate composition of the whole seaweed biomass samples LDWB-F, 

LHWB-F, LDWB-N and LHWB-N is presented in Table 4.3. The major differences 

due to harvest season were the higher ash and protein content and the lower 

concentration of total soluble sugars in February compared to November for the 

whole biomass samples of L. digitata (34.84% ash, 11.12 % protein, 11.88%, 

total soluble sugars vs 21.82% ash, 4.01% protein, 20.39% total soluble sugars) 

and L. hyperborea (30.01% ash, 9.98% protein, 14.49% total soluble sugars vs 

18.91% ash, 3.57% protein, 26.69% total soluble sugars). Furthermore, the whole 

biomass samples of L. hyperborea had a higher concentration of total soluble 

sugars compared to the whole biomass samples of L. digitata for both February 

(14.49% in LHWB-F vs 11.88% in LDWB-F) and November (26.69% in LHWB-N 

vs 20.39% in LDWB-N). Total glucans were present in high concentration in the 

whole biomass samples of L. hyperborea (6.40% in LHWB-F and 25.70% in 

LHWB-N) for both harvest months and in the whole biomass sample of L. digitata 

(17.68% in LDWB-N) collected in November. Fucoidan content was lower in 

February compared to November for the whole biomass samples of L. digitata 

(0.77% vs 4.83%) and L. hyperborea (2.66% vs 4.86%). Furthermore, in 

February, the whole biomass sample of L. hyperborea had a higher fucoidan 

concentration compared to the whole biomass sample of L. digitata (2.66% vs 

0.77%). Total phenolic content was generally low (≤0.1%) in both Laminaria spp. 

and for both harvest months. 
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Table 4.3 Proximate composition (dry matter, ash, protein, crude lipids, total 

glucans, and fucose) of whole L. digitata and L. hyperborea biomass 

Proximate composition* Whole L. digitata biomass Whole L. hyperborea biomass 

LDWB-F LDWB-N LHWB-F LHWB-N 

Dry matter (%) 91.39 ± 0.01 95.93 ± 0.01 90.83 ± 0.00 95.75 ± 0.02 

Ash (% DW basis) 34.84 ± 0.08 21.82 ± 0.00 30.01 ± 0.03 18.91 ± 0.16 

Protein (% DW basis) 11.12 ± 0.76 4.01 ± 0.04 9.98 ± 0.01 3.57 ± 0.00 

Ether extract (% DW basis) 0.26 ± 0.05 1.12 ± 0.05 0.76 ± 0.07 0.69 ± 0.06 

Total soluble sugars (% DW 
basis) 

11.88 ± 0.13 20.39 ± 0.56 14.49 ± 0.11 26.69 ± 0.05 

Total glucans (% DW basis) 1.51 ± 0.02 17.68 ± 0.09 6.40 ± 0.09 25.70 ± 0.10 

Fucose (% DW basis) 0.77 ± 0.09 4.83 ± 0.15 2.66 ± 0.03 4.86 ± 0.05 

Total phenolic content 0.06 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.10 ±0.00 

*Results are expressed as mean values ± standard deviation of the mean. The 

units are expressed as % dry weight (DW) basis. 

 

 

The laminarin and fucoidan content in the L. digitata (LDE1 - 4) and L. 

hyperborea (LHE1 - 4) extracts are presented in Table 4.4. Fucoidan was in 

higher concentration in L. hyperborea extracts (12.76 – 14.68%) compared to L. 

digitata extracts (3.84 – 5.80%). Laminarin was present at a concentration of 4.94 

- 7.59% in L. hyperborea extracts, whereas there was ≤0.70% of this 

polysaccharide in L. digitata extracts. 

 

Table 4.4 Laminarin and fucoidan content of L. digitata and L. hyperborea 

extracts. 

 

 

 

 

 

 

 

 
 

*Results are expressed as mean values ± standard deviation of the mean. 

Laminaria spp. 
extract 

Laminarin (mg laminarin/100mg 
freeze-died extract)* 

Fucoidan (mg fucoidan/ 
100mg freeze-dried extract)* 

LDE1 0.52 4.46 

LDE2 0.70 3.84 

LDE3 0.44 5.80 

LDE4 0.67 5.74 

LHE1 4.94 14.41 

LHE2 7.59 12.76 

LHE3 6.17 14.53 

LHE4 6.19 14.68 
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4.4.2 Effects of the whole biomass samples of L. digitata and L. hyperborea 

on selected bacterial populations 

The effects of the whole biomass samples of L. digitata and L. hyperborea 

collected in February (LDWB-F and LHWB-F) and November (LDWB-N and 

LHWB-N) on selected faecal bacterial populations were evaluated in a batch 

fermentation assay. The effects of species, season and concentration and their 

interactions are presented in Tables 4.5 and 4.6 and are described below. The 

species x concentration interaction and the season x concentration interaction 

were only significant for Bifidobacterium spp. (P<0.05) and, thus, were excluded 

from the analysis of the other bacterial groups. 

Enterobacteriaceae: There was a species x season interaction whereby LHWB-F 

led to lower Enterobacteriaceae counts compared to LHWB-N, while the opposite 

was true for L. digitata (P<0.05, Table 4.5).  There was also a concentration 

effect on Enterobacteriaceae counts whereby the 5 mg/ml reduced 

Enterobacteriaceae counts compared to the control [7.74 logGCN/g digesta (5 

mg/ml) vs 7.99 logGCN/g digesta (0 mg/ml) ± 0.056, P<0.05]. 

Bifidobacterium spp.: There was a species x season interaction whereby, LHWB-

N led to lower Bifidobacterium spp. counts compared to LHWB-F, while there was 

no effect of season on Bifidobacterium spp. counts with L. digitata (P>0.05, Table 

4.5).  There was a species x concentration interaction, whereby there was a 

depression in Bifidobacterium spp. counts at 2.5 and 5 mg/ml of L. hyperborea 

compared to the control and 1 mg/ml [2.73 logGCN/g digesta (2.5 mg/ml) and 

below the limits of detection (5 mg/ml) vs 6.72 (0 mg/ml) and 6.60 (1 mg/ml) 

logGCN/g digesta ± 0.056, P<0.05)], and this effect was not as potent with the 

corresponding L. digitata concentrations [ 5.95 logGCN/g digesta (5 mg/ml) vs 

6.46 (0 mg/ml), 6.55 (1 mg/ml) and 6.37 (2.5 mg/ml) logGCN/g digesta ± 0.056, 

P<0.05)]. There was a season x concentration interaction, whereby 

Bifidobacterium spp. counts were suppressed with the 5 mg/ml in February and 

November, whereas at 2.5 mg/ml there was a greater reduction in counts in 

November than February (P<0.05, Table 4.6).  
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Total bacteria: There was a species effect and a concentration effect on total 

bacterial counts. L. hyperborea increased total bacteria compared to L. digitata [ 

9.83 logGCN/g digesta (L. hyperborea) vs 9.72 logGCN/g digesta (L. digitata) ± 

0.034, P<0.05]. The 1 and 2.5 mg/ml gave higher counts compared to the control 

[9.87 (1 mg/ml) and 9.87 (2.5 mg/ml) logGCN/g digesta vs 9.64 logGCN/g digesta 

(0 mg/ ml) ± 0.048, P<0.05]. 

Lactobacillus spp.: There was a species effect and a concentration effect on 

Lactobacillus spp. counts. L. hyperborea increased Lactobacillus spp. counts 

compared to L. digitata [ 8.79 logGCN/g digesta (L. hyperborea) vs 8.45 

logGCN/g digesta (L. digitata) ± 0.030, P<0.05]. Both 1 and 2.5 mg/ml were 

associated with higher counts compared to the control [8.66 logGCN/g digesta (1 

mg/ml) and 8.69 logGCN/g digesta (2.5 mg/ml) vs 8.56 logGCN/g digesta (0 

mg/ml) ± 0.035, P<0.05]. 

Based on the above, whole seaweed biomass samples collected in February 

were associated with the least negative impact on Bifidobacterium spp. counts. 

Furthermore, LHWB-F was identified as the most promising sample to reduce 

Enterobacteriaceae counts, while LDWB-F had no effect. Therefore, both LHWB-

F and LDWB-F were used to generate the extracts evaluated in the next part of 

the screening process for antibacterial and prebiotic seaweed extracts. 
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Table 4.5 Effects of seaweed species and harvest season on the selected bacterial populations of the faecal microbiota in the batch 

fermentation assay (Least-square mean values with their standard errors). 

Bacterial group 
(logGCN/g faeces) 

Whole seaweed biomass samples SEM P-value 

LDWB-F* LDWB-N* LHWB-F* LHWB-N* Species Season Species x Season 

Total bacteria 9.75 9.69 9.76 9.89 0.057 0.032 NS 0.058 

Lactobacillus spp. 8.40 8.50 8.78 8.81 0.041 <0.001 NS NS 

Bifidobacterium spp. 6.31c 6.35c 4.69b 3.31a 0.044 <0.001 <0.001 <0.001 

Enterobacteriaceae 8.13b 7.79a 7.68a 7.98b 0.068 0.034 NS <0.001 

NS, not significant (P>0.10); logGCN/g faeces, log transformed gene copy number per gram of faeces.  

a,b,c Mean values within a row with different superscript letter were significantly different (P<0.05). 

* Average of least-square mean values at 0, 1, 2.5 and 5 mg/ml. 
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Table 4.6 Effect of harvest season and seaweed concentration on the selected bacterial populations of the faecal microbiota in the 

batch fermentation assay (Least-square mean values with their standard errors). 

Bacterial group 
(logGCN/g faeces) 

Season SEM P-value 

February November 

Concentration (mg/ml) Season 
 

Concentration 
 

Season x Concentration  

0* 1* 2.5* 5* 0‡ 1‡ 2.5‡ 5‡ 

Total bacteria 9.55 9.86 9.90 9.72 9.73 9.87 9.84 9.71 0.073 NS 0.003 NS 

Lactobacillus spp. 8.50 8.67 8.68 8.53 8.62 8.66 8.69 8.64 0.052 NS 0.041 NS 

Bifidobacterium spp. 6.53d 6.59d 5.95c 2.93a 6.64d 6.55d 3.15b 2.98a 0.056 <0.001 <0.001 <0.001 

Enterobacteriaceae 7.97 8.03 7.90 7.72 8.01 7.90 7.89 7.75 0.085 NS 0.012 NS 

NS, not significant (P>0.10); logGCN/g faeces, log transformed gene copy number per gram of faeces.  

a,b,c,d Mean values within a row with different superscript letter were significantly different (P<0.05). 

* Average of least-square mean values of LDWB-F and LHWB-F. 

‡ Average of least-square mean values of LDWB-N and LHWB-N. 
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4.4.3 Identifying L. digitata and L. hyperborea extracts with the highest 

antibacterial and prebiotic potential in pure bacterial cultures  

The HAE methodology with four different extraction conditions (E1 - 4) was 

employed for the production of the extracts from the L. digitata (LD) and L. 

hyperborea (LH) samples, collected in February, to investigate whether the 

extraction method could improve the biological properties of these seaweed 

samples. The antibacterial and prebiotic activities of the LD and LH extracts were 

evaluated in pure culture growth assays using a panel of selected beneficial (L. 

plantarum, L. reuteri, B. thermophilum) and pathogenic (ETEC, S. Typhimurium) 

bacterial strains. Bacterial counts were expressed as the difference between the 

counts of each bacterial strain for each extract concentration and their respective 

control (0 mg/ml). The effects of species, extraction condition and concentration 

and their interactions are presented in Tables 4.7 and 4.8 and are described 

below. The species x concentration interaction was only significant for S. 

Typhimurium (P<0.05) and, thus, was excluded from the analysis of the other 

bacterial species. 

 

4.4.3.1 The effect of the different extraction conditions on the antibacterial and 

prebiotic effects of L. hyperborea and L. digitata extracts 

ETEC and S. Typhimurium: There was a species x extraction condition 

interaction, whereby LHE1 was significantly more potent than LHE2, LHE3 and 

LHE4, whereas the effect of the E1 extraction condition was not as evident with L. 

digitata, despite being significant (P<0.05, Table 4.7).  

 B. thermophilum: There was a species x extraction condition interaction, 

whereby LDE4 was significantly more bifidogenic than LDE1, LDE2 and LDE3, 

whereas the effect of E4 extraction condition was not as evident with L. 

hyperborea, despite being significant compared with E1 and E2 (P<0.05, Table 

4.7).  

L. plantarum: There was a species x extraction condition interaction, whereby 

LHE4 was significantly more stimulating on L. plantarum growth than LHE1, 

LHE2 and LHE3 (P<0.05) and there was no effect of the extraction condition on 

L. digitata (P>0.05, Table 4.7).   
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L. reuteri: There was a species effect and an extraction condition effect on L. 

reuteri counts. LH extracts led to higher L. reuteri counts compared to LD extracts 

[0.24 logCFU/ml (LH extracts) vs 0.16 logCFU/ml (LD extracts) ± 0.029, P<0.05]. 

The extraction conditions E1 and E2 increased L. reuteri counts compared to E3 [ 

0.30 logCFU/ml (E1) and 0.27 logCFU/ml (E2) vs 0.07 logCFU/ml (E3) ± 0.041, 

P<0.05]. 

 

Table 4.7 Effects of seaweed species and extraction conditions on the 

antibacterial and prebiotic potential of the L. digitata and L. hyperborea extracts in 

the pure culture growth assays (Least-square mean values with their standard 

errors). 

Laminaria spp. 
extract 

Bacterial strain (logCFU difference/ml)* 

L. plantarum‡ L. reuteri‡ B. thermophilum‡ ETEC‡ S. Typhimurium‡ 

LDE1 0.16c 0.28 -0.21a -0.45b -0.18b 

LDE2 0.15c 0.25 0.09b -0.08c -0.01c 

LDE3 0.02ab 0.03 0.14bc 0.02cd -0.07bc 

LDE4 0.05bc 0.08 0.89e 0.04cd -0.03c 

LHE1 -0.07a 0.32 -0.28a -1.02a -1.14a 

LHE2 0.06bc 0.28 -0.24a 0.01cd -0.17b 

LHE3 0.07bc 0.10 0.30cd 0.26e 0.07c 

LHE4 0.28d 0.26 0.43d 0.09d 0.00c 

      
SEM 0.040 0.058 0.073 0.055 0.052 

P-value      

Species NS 0.048 0.001 NS <0.001 
Extraction 
condition 

0.013 <0.001 <0.001 <0.001 <0.001 

Species x 
Extraction 
condition 

<0.001 NS <0.001 <0.001 <0.001 

NS, not significant (P>0.10); CFU, colony-forming unit. 

a,b,c,d,e Mean values within a column with different superscript letter were 

significantly different (P<0.05). 

*Bacterial counts are expressed as the difference between the counts of each 

bacterial strain for each LD/LH extract concentration and their respective control 

(0 mg/ml). Bacterial counts at 0 mg/ml were as follows: 7.92 ± 0.030 logCFU/ml 

for L. plantarum, 7.40 ± 0.040 logCFU/ml for L. reuteri, 6.49 ± 0.055 logCFU/ml 

for B. thermophilum, 8.46 ± 0.046 logCFU/ml for ETEC and 8.93 ± 0.086 

logCFU/ml for S. Typhimurium.  

‡ Average of least-square mean values at 0.125, 0.25, 0.5, 1 and 2 mg/ml for each 

extract. 
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4.4.3.2 The effect of concentration on the antibacterial and prebiotic activity of the 

different extraction conditions 

ETEC and S. Typhimurium: There was a concentration x extraction condition 

interaction, whereby 2 mg/ml was significantly more potent than 1, 0.5, 0.25, 

0.125 mg/ml for E1 extraction condition (P<0.05), whereas the effect of 

concentration was not as evident with E2, E3 and E4 extraction conditions 

(P>0.05, Table 4.8). There was also a species x concentration interaction for S. 

Typhimurium (P<0.05), whereby the 2 mg/ml LH extracts led to lower counts 

compared to the 2 mg/ml LD extracts [-1.56 logCFU/ml (LH extracts) vs -0.66 

logCFU/ml (LD extracts) ± 0.058, P<0.05], however there was no effect of 

species with any of the other concentrations. 

B. thermophilum: There was a concentration x extraction condition whereby all 

concentrations of E4 were significantly more bifidogenic than the equivalent 

concentrations in E1, E2 and E3, where some of the concentrations had no 

effect, while some were antibacterial (P<0.05, Table 4.8).   

L. plantarum: There was a concentration effect on L. plantarum counts. The 

concentration of 1 and 2 mg/ml of all extracts increased L. plantarum counts 

compared to the 0.125 mg/ml [0.15 (1 mg/ml) and 0.15 (2 mg/ml) logCFU/ml vs 

0.02 logCFU/ml (0.125 mg/ml) ± 0.032, P<0.05].   

L. reuteri: There was a concentration effect on L. reuteri counts. The 

concentration of 2 mg/ml of all extracts increased L. reuteri counts compared to 

0.125 mg/ml [0.34 logCFU/ml (2 mg/ml) vs 0.10 logCFU/ml (0.125 mg/ml) ± 

0.045, P<0.05].  
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Table 4.8 Effects of extraction conditions and increasing concentrations of L. 

digitata and L. hyperborea extracts on the counts of selected beneficial and 

pathogenic bacterial strains in the pure culture growth assays (Least-square 

mean values with their standard errors). 

Extraction 
condition 

LD/LH extract 
concentration 

(mg/ml) 

Bacterial strains (logCFU difference/ml)* 

L. plantarum‡ L. reuteri‡ B. thermophilum‡ ETEC‡ S. Typhimurium‡ 

E1 2 0.09 0.35 -0.96a -4.63a -3.12a 

 1 0.16 0.27 -0.44b 0.17cdef -0.14d 

 0.5 -0.03 0.34 -0.04cde 0.27def -0.07de 

 0.25 0.04 0.36 0.15efg 0.36f 0.00def 

 0.125 -0.02 0.18 0.05defg 0.17cdef 0.03def 

       

E2 2 0.19 0.47 -0.33bc 

-0.25b -0.78b 

 1 0.12 0.34 0.12defg 

-0.04bc 0.05def 

 0.5 0.07 0.34 0.01def 

0.05cd 0.09ef 

 0.25 0.08 0.06 -0.19bcd 

0.00c 0.07def 

 0.125 0.05 0.14 0.03defg 

0.06cde 0.11ef 

       

E3 2 0.19 0.24 0.33fgh 0.07cde -0.48c 

 1 0.10 0.04 0.28efgh 0.29ef 0.10ef 

 0.5 0.04 0.03 0.25efgh 0.19cdef 0.07def 

 0.25 -0.05 -0.03 0.15efg 0.12cdef 0.17f 

 0.125 -0.05 0.05 0.08defg 0.03cd 0.14ef 

       

E4 2 0.15 0.32 0.87j 0.13cdef -0.05def 

 1 0.20 0.24 0.93j 0.10cde 0.00def 

 0.5 0.20 0.18 0.67ij 0.04cd -0.01def 

 0.25 0.17 0.07 0.47hi 0.03c 0.03def 

 0.125 0.09 0.04 0.35gh 0.04cd -0.04def 

       

SEM 0.064 0.091 0.115 0.087 0.082 

P-value      

Concentration 0.012 0.002 0.022 <0.001 <0.001 

Extraction condition 0.013 <0.001 <0.001 <0.001 <0.001 

Concentration x 
Extraction condition NS NS <0.001 <0.001 <0.001 

NS, not significant (P>0.10); CFU, colony-forming unit.  

a,b,c,d,e,f,g,h,i,j Mean values within a column with different superscript letter were 

significantly different (P<0.05). 



146 
 

*Bacterial counts are expressed as the difference between the counts of each 

bacterial strain for each LD/LH extract concentration and their respective control 

(0 mg/ml). Bacterial counts at 0 mg/ml were as follows: 7.92 ± 0.030 logCFU/ml 

for L. plantarum, 7.40 ± 0.040 logCFU/ml for L. reuteri, 6.49 ± 0.055 logCFU/ml 

for B. thermophilum, 8.46 ± 0.046 logCFU/ml for ETEC and 8.93 ± 0.086 

logCFU/ml for S. Typhimurium. 

‡ Average of least-square mean values of LD and LH extracts for each extraction 

condition. 

 

 

4.5 Discussion 

The effect of seaweed species and harvest season on the effects of the whole 

biomass samples of L. hyperborea and L. digitata on selected bacterial markers 

of the porcine faecal microbiota were evaluated in a batch fermentation assay. 

The seaweed species was the factor that predominantly influenced the growth of 

Bifidobacterium spp., Enterobacteriaceae, Lactobacillus spp. and total bacteria. 

Bifidobacterium spp. counts were additionally influenced by the harvest season. 

LHWB-F was the more promising source for antibacterial extracts as it led to the 

lowest Enterobacteriaceae counts among all tested samples whilst also having a 

less severe impact on Bifidobacterium spp. counts compared to LHWB-N. 

Contrarily, LDWB-F was the least promising source for antibacterial extracts as it 

had no major effects on the tested bacterial groups. The HAE methodology with 

the E1 - 4 extraction conditions was then used to produce LHE1 - 4 and LDE1 - 4. 

The extracts were assessed in a panel of pure culture growth assays with 

selected beneficial and pathogenic bacterial strains to evaluate whether the 

different extraction conditions could improve their antibacterial and prebiotic 

activities. The extraction condition E1 was predominantly associated with an 

antibacterial activity against S. Typhimurium, ETEC and B. thermophilum to a 

lesser extent, while the E4 extraction condition was predominantly associated 

with a bifidogenic activity. LHE1 led to the lowest counts of both pathogens 

followed by LDE1 with both extracts exhibiting similar antibacterial activity against 

B. thermophilum. LDE4 followed by LHE4 led to an increase in B. thermophilum 

counts. Slight increases in L. plantarum and L. reuteri counts were also observed 

with LHE4 and E1 extraction conditions, respectively. The variation in the 
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antibacterial and prebiotic activities between extracts was assumed to be due to 

structural alterations of the bioactive components as a result of the different 

extraction conditions of the HAE methodology.  

Total bacteria, Lactobacillus spp., Bifidobacterium spp. and Enterobacteriaceae 

were used as bacterial markers in the batch fermentation assay for the evaluation 

of the whole biomass samples of L. digitata and L. hyperborea collected in 

February and November (LDWB-F, LDWB-N, LHWB-F and LHWB-N). Bacterial 

growth was predominantly influenced by the seaweed species with harvest 

season only having a significant effect on the Bifidobacterium spp. population. 

LHWB-N and LHWB-F reduced the Bifidobacterium spp. counts in a 

concentration-dependant manner with LHWB-F having a less severe impact. 

LDWB-F and LDWB-N led to a minor reduction in this bacterial population. 

LHWB-F and LDWB-N were also associated with reduced Enterobacteriaceae 

counts. Similarly, reductions in Bifidobacterium spp. and Enterobacteriaceae 

counts have previously been observed in the faeces and colonic and caecal 

digesta of pigs supplemented with crude extracts of L. hyperborea, L. digitata or 

Laminaria spp. (Reilly et al., 2008; Lynch et al., 2010; O'Doherty et al., 2010; 

Leonard et al., 2011). Whole biomass samples of L. hyperborea were also 

associated with higher Lactobacillus spp. and total bacterial counts compared to 

whole biomass samples of L. digitata. Based on the proximate composition of the 

whole biomass samples of L. digitata and L. hyperborea, the total polysaccharide 

content was higher in November than in February for both seaweed species in 

agreement with previous studies (Schiener et al., 2015; Tabassum et al., 2016a). 

Furthermore, L. hyperborea samples had higher total polysaccharide content 

compared to L. digitata for both months. The main polysaccharides present in L. 

digitata and L. hyperborea are alginate, laminarin, mannitol and cellulose of which 

laminarin and mannitol previously exhibited significant seasonal variation in their 

concentration (Schiener et al., 2015). This fact along with the increase in total 

glucans (laminarin and cellulose combined) observed in November for both 

seaweed species in the current study suggest that the variation in the total 

carbohydrate content was due to laminarin. Fucoidan was a minor polysaccharide 

in the whole biomass samples of L. digitata and L. hyperborea as expected for 

the Laminaria spp. (MacArtain et al., 2007) that increased in concentration in both 

seaweed species in November. 



148 
 

Taking into consideration the results of the batch fermentation assay and the 

proximate composition analysis, we attempted to identify the bioactive 

components most likely associated with these effects. Laminarin, for instance, 

was previously reported to reduce the Enterobacteriaceae counts in the caecum 

and increase the Lactobacillus spp. counts in the faeces and colon of weaned 

pigs (Heim et al., 2014; Rattigan et al., 2020b; Vigors et al., 2020). Fucoidan is 

another possibility, as this polysaccharide was considered to be the constituent of 

the whole A. nodosum biomass samples that led to reductions in Bifidobacterium 

spp. and Enterobacteriaceae counts in a batch fermentation assay inoculated 

with faeces from weaned pigs (Chapter 3). The reduction in Bifidobacterium spp. 

counts could additionally be attributed to inhibitory effects of the phenolic content, 

alginate, cellulose and fucoidan on the activity of bacterial carbohydrate-

degrading enzymes (Kim et al., 2014; Dhital et al., 2015; Zaharudin et al., 2018). 

Nevertheless, the observed effects on the faecal microbiota cannot be attributed 

with certainty to specific bioactive components of the whole biomass samples of 

L. hyperborea and L. digitata. 

For the next part of the study, LHE1 - 4 and LDE1 - 4 were produced from LHWB-

F and LDWB-F, respectively, using the HAE methodology with E1 - 4 extraction 

conditions. LHWB-F was identified as the most promising antibacterial sample for 

further analysis in the batch fermentation assay, whereas LDWB-F was included 

to investigate whether the extraction protocol could improve its limited bioactivity. 

LHE1 - 4 and LDE1 - 4 were evaluated for their antibacterial and prebiotic 

potential in a panel of pure culture growth assays. The pathogens S. 

Typhimurium and ETEC were selected as representatives of the 

Enterobacteriaceae family. In pigs, S. Typhimurium infection is mostly 

asymptomatic; however, it is associated with intestinal inflammation and 

compositional changes in the gastrointestinal microbiota that have a negative 

impact on animal health and performance (Farzan and Friendship, 2010; Bearson 

et al., 2013; Drumo et al., 2015). Furthermore, pigs and their meat products are a 

major source of S. Typhimurium infection in humans (Ferrari et al., 2019). ETEC 

infection in newly weaned pigs contributed to the development of post-weaning 

diarrhoea, a disease characterised by diarrhoea, dehydration. stunted growth, 

significant mortality and economic losses (Rhouma et al., 2017). B. 

thermophilum, L. plantarum and L. reuteri were selected as representative 
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beneficial bacterial strains. These bacterial species are common colonisers of the 

porcine gastrointestinal tract with many beneficial roles such as inhibition of 

intestinal pathogens, immunomodulation, improved composition in the 

gastrointestinal microbiota and enhanced health and growth (De Angelis et al., 

2006; Klose et al., 2010a; Lee et al., 2012a; Tanner et al., 2014a; Hou et al., 

2015a; Hou et al., 2015b; Gagnon et al., 2016). In the pure culture growth 

assays, the E1 and E4 extraction conditions were predominantly associated with 

antibacterial and bifidogenic activities, respectively. In particular, LHE1 was the 

most potent extract in reducing S. Typhimurium and ETEC counts. LDE1 also 

inhibited the growth of both pathogenic strains to a lesser extent. Additionally, 

LHE1 and LDE1 reduced B. thermophilum counts, whereas both extracts were 

also associated with a slight increase in L. reuteri counts. Interestingly, LDE4 

followed by LHE4 increased B. thermophilum counts in a concentration-

dependent manner with LHE4 additionally stimulating the growth of L. plantarum. 

Based on the above, the use of the E1 and E4 extraction conditions of the HAE 

methodology produced antibacterial and bifidogenic extracts with the potential to 

promote a healthy composition in the gastrointestinal microbiota of pigs.    

As the HAE methodology was developed to provide the best concentrations of 

laminarin and fucoidan (Garcia-Vaquero et al., 2019), the concentrations of these 

polysaccharides in LHE1 - 4 and LDE1 - 4 were also determined. As expected 

from the proximate composition analysis of the whole biomass samples of L. 

hyperborea and L. digitata, LHE1 - 4 extracts had higher concentrations of 

laminarin and fucoidan compared to LDE1 - 4. Interestingly, both sets of extracts 

had higher fucoidan content (12.76 - 14.68% for LHE1 - 4 and 3.84 - 5.80% for 

LDE1 - 4) than laminarin content (4.94 - 7.59% for LHE1 - 4 and ≤ 0.70% for 

LDE1 - 4). This could be explained by the presence of laminarin in low 

concentration during the winter months in these seaweed species (Adams et al., 

2011; Schiener et al., 2015). Apart from laminarin and fucoidan, alginate was 

another polysaccharide present in a significant concentration in an L. hyperborea 

extract produced using the E2 extraction conditions of HAE methodology in a 

subsequent study (Rajauria et al., 2021) suggesting that alginate was most likely 

an important component of the LHE1 - 4 and LDE1 - 4. Even though the extract in 

the study by Rajauria et al. (2021) was produced for a L. hyperborea sample 

collected in November, alginate was previously reported to be present in 
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relatively stable concentration throughout the year in L. hyperborea and L. 

digitata (Schiener et al., 2015). Furthermore, the variation in bioactivity between 

the E1 - 4 extracts can probably be attributed to structural alterations in these 

seaweed polysaccharides. For instance, the use of HCl and increasing 

temperature in the extraction protocol was previously associated with changes in 

the chemical composition and lower molecular weight due to partial hydrolysis of 

fucoidan and partial depolymerisation of alginate (Yuan and Macquarrie, 2015a; 

Yuan and Macquarrie, 2015b; Liu et al., 2019).  

The most likely candidate for the antibacterial activity of LHE1 and LDE1 is 

fucoidan and particularly its depolymerised fractions. This assumption is 

supported by the following three facts. LHE1 had both higher fucoidan content 

and stronger antibacterial activity against S. Typhimurium and ETEC compared to 

LDE1 suggesting a connection between this bioactivity and fucoidan. The 

fucoidan-rich A. nodosum extract produced using the same extraction protocol 

also led to significant reductions in S. Typhimurium and ETEC counts in our 

previous study (Chapter 3). Lastly, depolymerised fucoidans from Laminaria spp., 

Sargassum spp. and Undaria spp. were reported to have an improved 

antibacterial activity against various pathogenic strains including E. coli and S. 

Typhimurium compared to the parent polysaccharide (Liu et al., 2017; Saravana 

et al., 2018; Palanisamy et al., 2019). The similar antibacterial activity of LHE1 

and LDE1 against B. thermophilum may indicate that other bioactives apart from 

fucoidan could be involved. The bifidogenic effect of LHE4 and LDE4 was also 

attributed to the depolymerised fucoidan fraction due to the similar effects on 

Bifidobacterium spp. growth of the fucoidan-rich A. nodosum extract produced 

using the same extraction protocol and depolymerised fucoidans of Laminaria 

spp. and Sargassum spp. in previous in vitro studies (Hwang et al., 2016; Kong et 

al., 2016; Chapter 3). Alginate oligosaccharides have also exhibited a bifidogenic 

effect in pure culture growth assays (Akiyama et al., 1992; Wang et al., 2006). 

Therefore, depolymerised alginate may have contributed to the increase in B. 

thermophilum counts, particularly in the case of LDE4. The slight increases in L. 

plantarum counts with LHE4 and L. reuteri counts with E1-produced extracts 

indicate a limited ability of these bacterial strains to utilise seaweed 

polysaccharides, most likely laminarin (Seong et al., 2019) and alginate 

oligosaccharides (Wang et al., 2006). Taken all the above together, there is a 
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substantial indication that fucoidan was the bioactive most likely responsible for 

the antibacterial and bifidogenic activities, although alginate could be additionally 

involved in the E4-produced extracts, particularly LDE4. Further investigation of 

the chemical composition of LHE1, LDE1, LHE4 and LDE4 would have provided 

an insight on the prebiotic and antibacterial bioactive components of these 

extracts. However, that was not possible, as these extracts were produced at 

laboratory scale during the development of the HAE methodology. 

4.6 Conclusion 

In conclusion, the seaweed species was the main growth determinant of 

Bifidobacterium spp., Enterobacteriaceae and Lactobacillus spp. in the batch 

fermentation assay with the harvest season influencing solely Bifidobacterium 

spp. growth. Whole biomass samples of L. hyperborea (LHWB-F) and L. digitata 

(LDWB-F) collected in February were selected as the most and least promising 

source for antibacterial extract based on their effects on the Enterobacteriaceae 

counts in the batch fermentation assay. E1- and E4-produced extracts were 

associated with antibacterial and bifidogenic activities, respectively. LHE1 was 

the most potent extract against S. Typhimurium and ETEC, whereas LDE1 

reduced the counts of both pathogenic strains but to a lesser extent. Of interest 

was the strong bifidogenic activity of LDE4, while LHE4 stimulated the growth of 

B. thermophilum to a lesser extent along with a minor increase in L. plantarum. 

Thus, the extraction condition rather than the seaweed species was the major 

determinant of the antibacterial and prebiotic activity of the L. hyperborea and L. 

digitata extracts. Fucoidan was considered the bioactive component most likely 

associated with the antibacterial and bifidogenic activities. Further compositional 

characterisation of these extracts will facilitate the identification and purification of 

the bioactive components. Nevertheless, the potential of these crude extracts, 

particularly LHE1, as dietary supplements that may promote a more beneficial 

composition in the gastrointestinal microbiota and, thus, overall health and growth 

in weaned pigs should also be explored to minimise the production costs of these 

extracts. 
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Chapter 5. Potential of a fucoidan-rich Ascophyllum 

nodosum extract to reduce Salmonella shedding and 

improve gastrointestinal health in weaned pigs naturally 

infected with Salmonella 
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5.1 Abstract 

Dietary supplementation with a fucoidan-rich Ascophyllum nodosum extract 

(ANE), with in vitro anti-Salmonella Typhimurium activity could be a promising on-

farm strategy to control Salmonella infection in pigs. The objectives of this study 

were: 1) to evaluate the anti-S. Typhimurium activity of ANE (≈42% fucoidan) in 

vitro, and 2) to compare the effects of dietary supplementation with ANE and ZnO 

on growth performance, Salmonella shedding and selected gut parameters in 

naturally infected pigs during the post-weaning period (newly weaned pig 

experiment) and following regrouping of the post-weaned pigs and experimental 

re-infection with S. Typhimurium (challenge experiment). A linear reduction was 

observed in S. Typhimurium (≤7.6 logCFU/ml) in response to the increasing ANE 

concentrations (P<0.05) in the in vitro assay. In the newly weaned pig 

experiment, naturally infected pigs (n=96) were randomly assigned to: (T1) basal 

diet (control); (T2) basal diet + ZnO (3.1 g/kg feed); (T3) basal diet + low ANE (2 

g/kg feed) and (T4) basal diet + high ANE (4 g/kg feed) (2 pigs/pen; 12 

pens/treatment). The challenge experiment included a subset from the newly 

weaned pig experiment (n=36) that remained in their original dietary treatment 

((T1) and (T4)) apart from (T2) that transited into a basal diet and was renamed 

ZnO-residual group (2 pigs/pen; 6 pens/treatment). On day 0, all faecal samples 

collected were Salmonella-positive as determined by QPCR with average counts 

of 7.41 (SD 0.308) logGCN/g faeces. In the newly weaned pig experiment, both 

ZnO and high ANE supplementation increased growth to feed ratio compared to 

all other treatments (P<0.05), whereas dietary supplementation with ZnO also 

increased final body weight, average daily gain and average daily feed intake and 

decreased faecal scores (P<0.05). High ANE supplementation reduced faecal 

Salmonella counts on day 21 compared to the control and low ANE group 

(P<0.05). In the challenge experiment, there was no effect of the dietary 

treatments on performance, faecal scores, Salmonella shedding and colonic and 

caecal Salmonella counts (P>0.05). High ANE supplementation decreased the 

Enterobacteriaceae counts compared to the control and increased the 

Bifidobacterium spp. counts compared to the ZnO-residual group in the colon 

(P<0.05). Enterobacteriaceae counts were reduced in the ZnO-residual group 

compared to the control (P<0.05). High ANE supplementation decreased the 

expression of Interleukin 22 and Transforming growth factor beta 1 in the ileum 
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compared to the control and C-C motif chemokine ligand 20 in the colon 

compared to the ZnO-residual group (P<0.05). In conclusion, high ANE 

supplementation had a minor impact on Salmonella shedding. However, it 

promoted a healthier composition in the colonic microbiota and reduced the 

expression of inflammatory genes associated with persistent Salmonella 

infection. 
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5.2 Introduction 

A recent meta-analysis identified Salmonella enterica subsp. enterica serotype 

Typhimurium as the most prevalent serotype across four food matrices (pork, 

poultry, beef, seafood) and all continents (Ferrari et al., 2019). This meta-analysis 

identified pork as a prominent source of human infection with S. Typhimurium, 

while S. Enteritidis, the second most prevalent serotype, was predominantly 

associated with poultry. These findings confirm that both pigs and poultry are 

significant Salmonella reservoirs, facilitating transmission of the respective 

serotype to humans. In pigs, Salmonella infection is generally asymptomatic or 

followed by mild and transient diarrhoea with only young and 

immunocompromised animals developing more severe intestinal or systemic 

disease (Bonardi, 2017). Nevertheless, a negative impact of Salmonella shedding 

on the growth of clinically healthy pigs has previously been identified (Farzan and 

Friendship, 2010). Of interest is the ability of S. Typhimurium, and probably of 

other zoonotic Salmonella serotypes, to exploit the immune response of the host 

during the immediate post-infection period thus altering the composition of the 

microbiota and compromising the colonisation resistance within the 

gastrointestinal tract (Bearson et al., 2013; Drumo et al., 2015; Knetter et al., 

2015; Kim and Isaacson, 2017; Arguello et al., 2018). The initial Salmonella 

invasion in the porcine gastrointestinal microbiota transits into a persistent carrier 

state with negative impact on food safety and potentially on pig productivity and 

health (Bearson et al., 2013; Knetter et al., 2015; Kim and Isaacson, 2017). 

Weaning is a critical period in pig production as the associated nutritional, 

emotional, social and environmental stressors lead to reduced feed intake and 

gastrointestinal dysfunction and dysbiosis resulting in reduced growth 

performance and increased susceptibility to pathogens including Salmonella 

serotypes (Pluske et al., 1997; Heo et al., 2013; Gresse et al., 2017; Moeser et 

al., 2017).  Previous studies have demonstrated the important role of weaned 

pigs in disseminating and maintaining Salmonella infection at the farm level 

(Kranker et al., 2003; Nollet et al., 2005; Weaver et al., 2017; Casanova-Higes et 

al., 2019). Movement to grower and finisher houses, handling and re-grouping 

are additional stress factors that could increase Salmonella shedding and 

susceptibility to infection resulting in further pig-to-pig and contaminated 
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environment-to-pig transmission in farms (Nollet et al., 2005; Callaway et al., 

2006). Dietary supplementation with zinc oxide (ZnO) at pharmacological doses 

(2,000-3,000 mg/kg feed) during the immediate post-weaning period is a common 

practice to alleviate the negative impacts of weaning on pig performance (Sales, 

2013) and gastrointestinal functionality and health (Starke et al., 2014; Zhu et al., 

2017; Xia et al., 2017). However, high ZnO inclusion levels in the pig diet have 

been associated with higher and longer Salmonella shedding (Janczyk et al., 

2013). ZnO supplementation has also been associated with increases in 

antimicrobial resistance (AMR) within the bacterial populations of the 

gastrointestinal microbiota (Bednorz et al., 2013; Vahjen et al., 2015; Ciesinski et 

al., 2018).  

The use of feed additives has been considered as a potential on-farm strategy to 

control Salmonella infection in pigs (Doyle and Erickson, 2012). Brown seaweeds 

or macroalgae are a promising source of dietary non-digestible polysaccharides 

such as  fucoidan, a structural component of the macroalgal cell wall, that has 

exhibited antibacterial (Liu et al., 2017; Palanisamy et al., 2019), prebiotic (Kong 

et al., 2016; Chen et al., 2018) and immunomodulatory (Zhang et al., 2015; 

Borazjani et al., 2018) potential. Fucoidans are a heterogenous family of fucose-

containing sulphated polysaccharides with a backbone structure consisting of α-

(1→3)-linked or alternating α-(1→3) and α-(1→4)-linked L-fucopyranosyls (Ale 

and Meyer, 2013). Previous in vitro studies have identified various fucoidan-rich 

seaweed extracts which inhibit the growth of S. Typhimurium and/or stimulate the 

growth of Lactobacillus spp. and Bifidobacterium spp. strains to different extents 

(Chapter 3, Chapter 4). Furthermore, in an experimental infection with S. 

Typhimurium, dietary supplementation with a fucoidan-rich seaweed extract was 

associated with improved performance, reduced Salmonella shedding and 

colonisation and reduced intestinal inflammation in supplemented pigs (Bouwhuis 

et al., 2017a).  

Brown seaweed Ascophyllum nodosum contains 6.5-11.6% fucoidan and, thus, is 

commonly used as a source of this polysaccharide (MacArtain et al., 2007; 

Fletcher et al., 2017). The concentration, structure and bioactivity of fucoidan 

contained in the seaweed extracts is highly dependent on the extraction 

conditions (Yuan and Macquarrie, 2015a; Okolie et al., 2019). In a previous 



157 
 

study, we identified a fucoidan-rich A. nodosum extract with strong antibacterial 

activity against S. Typhimurium in vitro (Chapter 3). The first objective of this 

study was to evaluate the anti-S. Typhimurium activity of a novel A. nodosum 

extract (ANE, ≈42% fucoidan) obtained using the same conditions of a 

hydrothermal-assisted extraction method, as described in Chapter 3, in a pure 

culture growth assay. Based on the results of the first objective, two inclusion 

levels of ANE were selected for the subsequent experiments. The second 

objective of this study was to evaluate the effects of dietary supplementation with 

two inclusion levels of ANE and the pharmacological level of ZnO on growth 

performance and Salmonella shedding in naturally infected weaned pigs during 

the first 21 days post-weaning (newly weaned pig experiment). The third objective 

of this study was to determine the effects of the best performing ANE inclusion 

level and the residual effects of ZnO on: 1) growth performance, 2) Salmonella 

shedding, 3) colonic and caecal Salmonella counts, 4) the composition of the 

colonic microbiota, and 5) selected inflammatory markers in the ileum and colon 

following an experimental re-infection with S. Typhimurium after pig transfer to 

the grower houses and regrouping (challenge experiment).  

 

5.3 Materials and Methods 

All animal experimental procedures described in this work were approved by the 

University College Dublin Animal Research Ethics Committee (AREC-18-33-

Sweeney) and Health Products Regulatory Authority (AE18982/P170) and 

conducted in accordance with the Irish legislation (SI no. 534/2012) and the EU 

directive 2010/63/EU for animal experimentation. 

 

5.3.1 Ascophyllum nodosum extract (ANE) preparation and chemical 

composition analysis 

A. nodosum was harvested in February 2019 (Quality Sea Veg Ltd., Co. Donegal, 

Ireland). Whole seaweed biomass was oven-dried at 50 °C for 9 days and milled 

to 1 mm particle size and stored at room temperature. The ANE extract was 

obtained using a hydrothermal-assisted extraction method using the conditions 

optimal for best fucoidan yield (120 °C, 62.1 min, 30 ml 0.1M HCL/g seaweed) as 
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described previously by Garcia-Vaquero et al. (2019). This extraction 

methodology was previously identified to produce a fucoidan-rich A. nodosum 

extract with strong anti-S. Typhimurium activity in vitro (Chapter 3).  

The ANE composition as % w/w dry matter (=22.2 ± 2.1 mg/g dry weight extract) 

are as follows: 41.8% fucoidan, 16.6% laminarin, 9.6% mannitol, 4.1% alginate, 

4% protein and 0.67% ash. ANE was stored in -20 °C until use. The dry matter 

content was determined after drying overnight at 104 °C. The concentration of 

fucoidan was estimated according to the method described by Usov et al. (2001), 

with modifications as described  by Garcia-Vaquero et al. (2019). The 

concentration of laminarin and mannitol was determined using standard kits 

(Megazyme, Co. Wicklow, Ireland) according to the manufacturer’s instructions. 

The concentration of alginate was estimated according to the method described 

by Truus et al. (2001). Briefly, 1 ml of test samples was mixed with 6 ml of sodium 

tetraborate (75 mM) and incubated for 30 min at 80 °C. The solution was allowed 

to cool (room temperature) followed by the addition of 420 μl of carbazole 

(0.15%, w/v), vortexing and incubation at 80 °C for 1 h. The absorbance of the 

mixture was measured at 540 nm using alginic acid as standard. The ash content 

was determined after ignition of a weighed sample in a muffle furnace 

(Nabertherm, Bremen, Germany) at 550 °C for 6 h according to the AOAC.942.05 

(AOAC, 2005). The nitrogen content was determined using the LECO FP 528 

instrument (Leco Instruments UK Ltd., Cheshire, UK) according to the 

AOAC.990.03 (AOAC, 2005). The conversion factor 4.17 as described for brown 

macroalgae (Biancarosa et al., 2017) was used to calculate protein content. 

 

5.3.2 In vitro screening of ANE antibacterial activity 

Bacterial strains and growth conditions: S. Typhimurium phage type (PT) 12 and 

Bifidobacterium thermophilum (DSMZ 20210) were previously used to evaluate 

the in vitro effects of A. nodosum extracts on bacterial growth (Chapter 3). All 

bacterial strains were revived from cryoprotective beads (TS/71-MX, Protect Multi-

purpose, Technical Service Consultants Ltd., Lancashire, UK) stored at -20 °C. 

Ten ml Tryptone Soya Broth (TSB, Oxoid Ltd., Hampshire, UK) were inoculated 

with S. Typhimurium and incubated aerobically at 37 °C for 48 h.  B. thermophilum 

was streaked onto de Man, Rogosa and Sharpe agar (MRSA, Oxoid Ltd., 
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Hampshire, UK) and incubated anaerobically at 37 °C for 48 h. Anaerobic 

conditions were established within sealed containers using AnaeroGen 2.5 L 

sachets (Thermo Fisher Scientific, Waltham, MA, USA). Both bacterial strains 

were sub-cultured; S. Typhimurium by transferring 1 ml of the previous culture to 9 

ml sterile TSB and incubating aerobically at 37 °C for 24 h and B. thermophilum by 

inoculating a few colonies in 10 ml de Man, Rogosa and Sharpe broth (MRS, Oxoid 

Ltd., Hampshire, UK) and incubating anaerobically at 37 °C for 24 h. S. 

Typhimurium was additionally streaked on Tryptone Soya Agar (TSA, Oxoid Ltd., 

Hampshire, UK) to ensure purity. The 24 h cultures were used for the subsequent 

assays.  

Pure culture growth assays: These assays were previously described in Section 

2.3.6 of Chapter 2. Briefly, the assays were carried out in 96-well microtiter plate 

(CELLSTAR, Greiner Bio-One, Kremsmünster, Austria). ANE was diluted in 10% 

MRS and 10% TSB to obtain a final concentration of 5, 4, 3, 2 and 1 mg/ml prior to 

the assay. Both bacterial strains were diluted in 10% medium (MRS or TSB) to 

obtain an inoculum of 106 - 107 CFU (colony-forming unit)/ml with initial bacterial 

enumeration being performed each time. 100 μl of each compound and each 

dilution was transferred to duplicate wells and 100 μl inoculum was added. Control 

wells containing 100 μl of 10% medium and 100 μl inoculum were also included. 

To evaluate the sterility, blank wells containing 100 μl of 10% medium and 100 μl 

of each dilution of each compound were considered.  Plates were agitated gently to 

ensure thorough mixing and incubated at 37 °C for 18 h aerobically for S. 

Typhimurium or anaerobically for B. thermophilum. 

After incubation, spread plating was used to determine both the bacterial viability 

and counts at the increasing ANE concentrations. A modified Miles and Misra 

method was used to determine the final bacterial concentration (Miles et al., 

1938). Briefly, the content of the wells was mixed by pipetting and 25 μl from 

each well was transferred to 225 μl Maximum Recovery Diluent (MRD, Oxoid 

Ltd., Hampshire, UK). Following a 10-fold serial dilution (10-1 - 10-8), 20 μl was 

inoculated onto TSA for S. Typhimurium and MRSA for B. thermophilum. Plates 

were incubated aerobically at 37 °C for 24 h for S. Typhimurium and 

anaerobically at 37 °C for 48 h for B. thermophilum. The dilution resulting in 5 - 50 

colonies was selected for the calculation of CFU/ml using the formula CFU/ml = 
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Average colony number * 50 * dilution factor. The bacterial counts were 

logarithmically transformed (logCFU/ml) for the subsequent statistical analysis. 

Any zero counts at the neat dilution (100) were assigned the arbitrary value of 

1.30 logCFU/ml which was considered the minimum detection limit by spread 

plating (McDonnell et al., 2012). All experiments were carried out with technical 

replicates on three independent occasions (3 biological replicates). 

  

5.3.3 Newly weaned pig experiment (day 0 - 21) 

5.3.3.1 Experimental design and diets  

The experiment was designed as a randomised complete block design and 

consisted of the following dietary treatments: (T1) basal diet (control); (T2) basal 

diet + ZnO (3.1 g/kg feed, pharmacological dose); (T3) basal diet + low ANE (2 

g/kg feed) and (T4) basal diet + high ANE (4 g/kg feed). Ninety-six healthy pigs 

[progeny of meatline boars x (large white x landrace sows)] with average weight 

8.6 (SD 1.12) kg were sourced from a commercial pig farm at weaning (28 days 

of age) and were penned in groups of 2. The herd Salmonella seroprevalence in 

the farm of origin at the time of weaning was estimated at 46.67%. The pigs were 

blocked based on weaning weight, litter of origin and sex and within each block 

assigned to one of the four treatments (12 replicates/treatment). The basal diet 

contained 10.6 MJ/kg net energy and 14.0 g/kg standard ileal digestible lysine. All 

amino acid requirements were met relative to lysine (National Research Council, 

2012). The ingredient composition and the analysed chemical composition of the 

diet are presented in Table 5.1. All treatment diets were milled on site and fed in 

meal form for 21 days. The concentrations of 2 and 4 mg/ml ANE were selected 

based on the in vitro anti-S. Typhimurium activity. Thus, ANE was included in the 

basal diet at the concentrations of 2 and 4 g/kg feed. The ZnO (Cargill, Naas, 

Ireland) was included at 3100 mg/kg feed and contained 80% Zn, resulting in an 

inclusion level of 2500 mg Zn per kg feed. 
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Table 5.1 Ingredient composition and chemical analysis of basal diet. 

Ingredient (g/kg) 

Wheat 347.9 

Full fat soya bean 170.0 

Soya bean meal 105.0 

Flaked wheat 130.0 

Flaked maize 70.0 

Soya oil 30.0 

Soya concentrate 65.0 

Whey powder (90%) 50.0 

Vitamins and mineralsa 2.5 

Sodium bicarbonate 2.0 

Monocalcium phosphate 4.0 

Calcium carbonate (Limestone) 6.0 

Salt 2.0 

Lysine HCL 4.0 

DL-methionine 2.0 

L-threonine 1.8 

Tryptophan 0.3 

Analysed Chemical composition 

Dry Matter 899.0 

Crude protein (N x 6.25) 208.0 

Gross energy (MJ/kg)* 16.9 

Crude fat 80.0 

Crude fibre 28.0 

Ash 46.0 

Neutral detergent fibre 99.0 

Lysine %* 1.43 

Methionine %* 0.50 

Methionine and cysteine %* 0.84 

Threonine %* 0.93 

Tryptophan %* 0.30 

Valine % 0.98 

Leucine % 1.45 

Isoleucine % 0.87 

*Calculated for tabulated nutritional composition (Sauvant et al., 2004). 

a Provided (mg/kg complete diet): Cu, 25; Fe, 140; Mn, 47; Zn, 120; I, 0.6; Se, 

0.3; retinol, 1.8; cholecalciferol, 0.025; tocopherol, 67; menaquinone, 4; 

cyanocobalamin, 0.01; riboflavin, 2; nicotinic acid, 12; pantothenic acid, 10; 

choline chloride, 250; thiamine, 2; pyridoxine, 0.015. 
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5.3.3.2 Housing and animal management  

The pigs were housed in fully slatted pens (1.7 m x 1.2 m) and weighed at the 

beginning of the experiment (day 0) and on days 7, 14 and 21. The ambient 

environmental temperature within the house was thermostatically controlled at 30 

°C for the first 7 days and reduced by 2 °C per week for the remainder of the 

experiment. The humidity was maintained at 65%. Feed and water were available 

ad libitum from four-space feeders and nipple drinkers; precaution was taken to 

avoid feed wastage. Faecal scores (FS) were recorded twice daily in the 

individual pens by the same operator on a scale ranging from 1 to 5. The scoring 

system was as follows: 1 = hard, firm faeces; 2 = slightly soft faeces; 3 = soft, 

partially formed faeces; 4 = loose, semi-liquid faeces; and 5 = watery, mucous 

like faeces (Walsh et al., 2013a). 

 

5.3.3.3 Sample collection for Salmonella presence and quantification 

Faecal samples were collected immediately after natural defaecation into sterile 

containers (Sarstedt, Nümbrecht, Germany) on day 0 from 19 pigs to determine 

the Salmonella status of the herd. Rectal faecal samples were collected into 

sterile containers from the same pig in each pen (n=48 pigs) on days 14 and 21. 

Samples were obtained by natural defaecation with rectal stimulation employed 

only if necessary and solely on day 21. All faecal samples were immediately 

stored at -20 °C. 

 

5.3.4 Challenge experiment (day 25 - 34) 

5.3.4.1 Experimental design and diets  

On day 21, ZnO supplementation ceased and a subset of pigs from (T1), (T2) 

and (T4) of the newly weaned pig experiment (n=36, 12 replicates/treatment) 

continued to the challenge experiment starting on day 25 after a transition period 

to allow flushing of any residual ZnO presence. The experiment was designed as 

a randomised complete block design. The pigs from (T1) and (T4) were kept on 

their original diets, whereas (T2) was renamed as ZnO-residual, whereby the 

animals were fed a basal diet upon ZnO removal. The thirty-six pigs with average 

weight 18.3 (2.44 SD) kg on day 25 were blocked on weight basis and penned in 
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pairs. The basal diet and high ANE diet were as described in the newly weaned 

pig experiment. 

 

5.3.4.2 Housing and animal management  

The pigs were housed in fully slatted pens (1.7 m x 1.2 m). They were weighed at 

the beginning (day 25) and end (day 34) of the experiment. The ambient 

environmental temperature within the house was thermostatically controlled at 25 

°C during the 9-day experimentation period. The humidity was maintained at 

65%. Feed and water were available ad libitum from four-space feeders and 

nipple drinkers; precaution was taken to avoid feed wastage. The FS were 

recorded once daily in the individual pens by the same operator using the same 

scoring system as described in the newly weaned pig experiment. 

 

5.3.4.3 S. Typhimurium experimental infection 

The growth conditions described previously were used to obtain an S. 

Typhimurium culture. On day 25, 1 ml of S. Typhimurium culture (=3.25 x 109 

CFU) was transferred into 400 ml sterile phosphate buffered saline (PBS, Sigma-

Aldrich, St. Louis, MO, USA) and thoroughly mixed to obtain a concentration of 

≈8 x 106 CFU/ml S. Typhimurium. Each animal was manually restrained and orally 

challenged with 5 ml of the diluted S. Typhimurium culture (infectious dose ≈4 x 

107 CFU) using a syringe (no needle attached). 

 

5.3.4.4 Sample collection 

Rectal faecal samples were collected into sterile containers from all pigs on days 

25 (prior to S. Typhimurium infection), 27 and 34 for Salmonella quantification 

and immediately stored at -20 °C. Samples were obtained by natural defaecation 

or if necessary with rectal stimulation. On day 34, all 36 pigs were euthanised by 

pentobarbitone sodium (Euthatal Solution, 200 mg/ml; Merial Animal Health, 

Essex, UK) overdose (1 ml/kg body weight injected into the cranial vena cava). 

Euthanasia was completed by a competent person in a separated room away 

from sight and sound of the other pigs. The entire intestinal tract was immediately 

removed. Colonic and caecal digesta were collected into sterile containers, snap 
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frozen on dry ice and stored at -20 °C for bacterial quantification using QPCR. 

Additionally, 1 cm2 sections from the ileum (15 cm from ileocaecal junction) and 

colon were cut out, emptied by dissecting them along the mesentery and rinsed 

using sterile PBS. The tissue sections were stripped of the overlying smooth 

muscle before overnight storage in 5ml RNAlater® solution (Sigma-Aldrich, St. 

Louis, MO, USA) at 4 °C. The RNAlater® was removed before storing the 

samples at -80 °C. These ileal and colonic tissue samples were used to measure 

gene expression. 

 

5.3.5 Feed analysis 

The feed was milled through a 1 mm screen (Christy and Norris Hammer Mill, 

Chelmsford, England). The dry matter content was determined after drying 

overnight at 104 °C. Crude ash content was determined after ignition of a 

weighted sample in a muffle furnace (Nabertherm, Bremen, Germany) at 550 °C 

for 6 h according to the AOAC.942.05 (AOAC, 2005). The gross energy content 

was determined using an adiabatic bomb calorimeter (Parr Instruments, Moline, 

IL, USA). The nitrogen content was determined using the LECO FP 528 

instrument (Leco Instruments UK Ltd., Cheshire, UK) according to the 

AOAC.990.03 (AOAC, 2005). The dietary concentrations of amino acids were 

determined by high-performance liquid chromatography (Iwaki et al., 1987). The 

neutral detergent fibre content was determined according to the method of Van 

Soest et al. (1991) and the crude fibre according to the AOAC method (AOAC, 

2005) . The ether extract concentration of diets was determined using light 

petroleum ether and Soxtec instrumentation (Tecator, Sweden) according to the 

AOAC.920.39 (AOAC, 2005). 

 

5.3.6 Salmonella isolation and serotyping 

Faecal samples from day 0 were screened for the presence or absence of 

Salmonella in accordance with the protocol of the International Organisation for 

Standardization (ISO) 6579-1:2017. Salmonella serotyping, which involved 

agglutination tests with hyperimmune antisera specific for a range of somatic (O) 

and flagellar (H) antigens and comparison with the White-Kauffmann-Le Minor 



165 
 

scheme (Grimont and Weill, 2007), was also performed on Salmonella positive 

samples in accordance with ISO protocol 6579-3:2014. Isolates with a phenotypic 

partial serotyping were further analysed using a multiplex QPCR for differentiating 

S. Typhimurium and its monophasic variant S. 4,[5],12:i:- as described previously 

(Prendergast et al., 2013). 

 

5.3.7 Quantification of selected bacterial groups using quantitative real time 

polymerase chain reaction (QPCR) 

DNA extraction and quantification of the selected bacterial groups were carried 

out as described previously in Section 2.3.4 of Chapter 2 with some 

modifications. 

DNA extraction: Microbial genomic DNA was extracted from faecal, colonic and 

caecal samples using QIAamp® PowerFecal® Pro DNA Kit (Qiagen, West 

Sussex, UK) according to the manufacturer’s instructions. The DNA quantity and 

quality were evaluated using a Nanodrop spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA). 

Bacterial primers: The list of the domain-, function-, family- or genus-specific 

primers for the selected bacterial groups are provided in Table 5.2. The 16S 

rRNA gene was targeted for most bacterial groups except for Salmonella 

whereby the hilA gene, the transcriptional regulator of the Salmonella 

pathogenicity island 1 was selected (McCabe et al., 2011) and the butyrate-

producing bacteria whereby the butyryl-CoA:acetate CoA-transferase (B-CoA) 

gene associated with this function was selected (Louis and Flint, 2007; Metzler-

Zebeli et al., 2010). All bacterial primers with the exception of Salmonella enterica 

primers were available in the literature. Primers were designed using two tools, 

Primer3 (https://primer3.org/) for larger amplicons (>150 bp) and Primer 

Express™ (Applied Biosystems, Foster City, CA, USA) for smaller amplicons 

(<125 bp), and their specificity was verified using Primer Basic Local Alignment 

Search Tool (Primer-BLAST), https://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi. 

Plasmid and standard curve preparation: Bacterial genomic DNA from 

Bifidobacterium thermophilum, Lactobacillus plantarum (DSMZ 20174) and S. 

https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Typhimurium PT12 was extracted from pure cultures using DNeasy® Blood & 

Tissue kit (Qiagen, West Sussex, UK), whereas bacterial genomic DNA of 

Prevotella bryantii (DSMZ 11371) and Faecalibacterium prausnitzii (DSMZ  

17677) were used for Prevotella spp. and B-CoA, respectively. Bacterial strains 

and genomic DNA were purchased from Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) except 

for S. Typhimurium PT 12 (Sweeney et al., 2011). The targeted genes were 

amplified with a conventional PCR, the primers and genomic locations are 

outlined in Appendix A (Table A.1). The amplicons were incorporated into a 

vector using the TOPO™ TA Cloning™ Kit for Sequencing (Invitrogen, Thermo 

Fisher Scientific, Carlsbad, CA, USA). One Shot™ TOP10 Chemically Competent 

E. coli were transformed according to the manufacturer’s instructions using a heat 

shock method. LB agar (Lennox, Co. Dublin, Ireland) plates containing ampicillin 

(100 µg/ml) were inoculated with the bacterial culture (50 µl) using a sterile plate 

spreader and incubated at 37 °C overnight. Individual colonies were re-plated, 

screened for the presence of the plasmid and preserved on cryoprotective beads 

that were stored at -80 °C. The transformed E. coli was re-cultured by transferring 

a single cryoprotective bead in 200 ml LB Broth Base (Invitrogen, Thermo Fisher 

Scientific, Carlsbad, CA, USA) containing ampicillin (100 µg/ml) and incubated at 

37 °C for 18 h at 150 rpm. The plasmids carrying the target genes were extracted 

using the GenElute™ HP Plasmid Maxiprep kit (Sigma-Aldrich, St. Louis, MO, 

USA) and linearised using APA1 (Promega, Madison, WI, USA) restriction 

enzyme according to the manufacturer’s instructions. The linearised plasmids 

were further purified using the GenElute™ PCR Clean-Up kit (Sigma-Aldrich, St. 

Louis, MO, USA). The purified, linearised plasmids were quantified 

spectrophotometrically and copy number/μl was determined using an online tool 

which employs the formula mol/g * molecules/mol = molecules/g using 

Avogadro's number, 6.022x1023 molecules/mole available online by the URI 

Genomics & Sequencing Center (http://cels.uri.edu/gsc/cndna.html). Standard 

curves were prepared using 5-fold serial dilutions for the purposes of QPCR.   

QPCR for absolute quantification: The final reaction volume (20 μl) included 3 μl 

template DNA, 1 μl or 2 μl (for B-CoA) of each primer (10 μM), 5 μl or 3 μl (for B-

CoA) nuclease-free water and 10 μl of GoTaq® qPCR Master Mix (Promega, 

Madison, WI, USA). All QPCR reactions were performed in duplicate and were 

http://cels.uri.edu/gsc/cndna.html
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carried out on ABI 7500 Fast PCR System (Applied Biosystems, Foster City, CA, 

USA). The cycling conditions included a denaturation step of 95 °C for 10 mins 

followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Dissociation curves 

were generated to confirm the specificity of the resulting PCR products. The 

efficiency of each QPCR reaction was established by plotting the threshold cycles 

(Ct) derived from 5-fold serial dilutions of the plasmid against their arbitrary 

quantities and only assays exhibiting 90 – 110% efficiency and single products 

were used in this study. Bacterial counts were determined using a standard curve 

derived from the mean Ct value and the log transformed gene copy number of the 

plasmid and expressed as log transformed gene copy number per gram of 

digesta (logGCN/g digesta).
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Table 5.2 List of forward and reverse primers used for the bacterial quantification by QPCR. 

Target bacterial group Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm (°C) References 

Salmonella enterica F: TACTCAACATGGACGGCTCC 
R: TTTGCAAGAGAGAAGCGGGT 

630 59.3 
57.3 

This study 

Total bacteria F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

291 64.2 
52.4 

Frank et al. 
(2007) 

Lactobacillus spp. F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

341 54.5 
55.2 

Metzler-Zebeli 
et al. (2010) 

Bifidobacterium spp. F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

125 60.3 
59.8 

Penders et al. 
(2005) 

Enterobacteriaceae F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

185 54.0 
56.3 

Takahashi et 
al. (2017) 

Butyryl-CoA:acetate 
CoA-transferase (B-CoA) 

F: GCIGAICATTTCACITGGAAYWSITGGCAYATG 
R CCTGCCTTTGCAATRTCIACRAANGC 

530 67.0 
64.0 

Louis and Flint 
(2007) 

Prevotella spp. F: CACRGTAAACGATGGATGCC 
R: GGTCGGGTTGCAGACC 

514 58.3 
56.9 

Matsuki et al. 
(2002) 

bp, base pairs; Tm, melting temperature. 
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5.3.8 Gene expression 

RNA extraction: Total RNA was extracted from ileal and colonic tissue using TRI 

Reagent® (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s 

instruction. The crude RNA was further purified using GenEluteTM Mammalian 

Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the 

manufacturer’s instructions. A DNase removal step was included using On-

Column DNase I Digestion Set (Sigma-Aldrich, St. Louis, MO, USA). The total 

RNA was quantified using a Nanodrop spectrophotometer and the purity was 

determined using the ratio of absorbance at 260 nm and 280 nm. All total RNA 

samples had 260/280 nm ratios ≥2.0 and were considered suitable for 

complimentary DNA (cDNA) synthesis. 

cDNA synthesis: Extracted total RNA (2 μg) was used for the synthesis of the 

cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA) following the manufacturer’s instructions. The 

total reaction volume (20 μl) was adjusted to 400 μl using nuclease-free water.   

QPCR for relative quantification: The QPCR reaction mix (20 μl) contained 10 μl 

GoTaq® qPCR Master Mix (Promega, Madison, WI, USA), 1.2 μl forward and 

reverse primers (5μM), 3.8 μl nuclease-free water and 5μl cDNA. All QPCR 

reactions were performed in duplicate and were carried out on the 7500 ABI 

Prism Sequence detection System (Applied Biosystems, Foster City, CA, USA). 

The cycling conditions included an initial denaturation step of 95 °C for 10 mins 

followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. All primers were 

designed using the Primer Express™ Software (Applied Biosystems, Foster City, 

CA, USA) and synthesised by MWG Biotech UK Ltd (Milton Keynes, UK) and are 

presented in Table 5.3. The sequences of the forward and reverse primers for 

IL1A, IL6, CXCL8, IL10, IL17A, IL22, IFNG, TNF, TGFB1, FOXP3, TLR4, MUC2, 

TJP1/ZO-1, PPIA, B2M and GAPDH genes have been described and validated 

previously for porcine gastrointestinal tissues (Ryan et al., 2012; Vigors et al., 

2016; Bouwhuis et al., 2017a). Primer pairs were newly designed for IL7, CCL20, 

TP53, STAT3, CHRM1, NOX1 and DUOX2 genes and their specificity was 

verified in silico using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi). Dissociation curves were generated to confirm the specificity of 

the resulting PCR products. The efficiency of each QPCR reaction was 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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established by plotting the Ct derived from 4-fold serial dilutions of cDNA against 

their arbitrary quantities and only assays exhibiting 90 – 110% efficiency and 

single products were used in this study. Normalised relative quantities were 

obtained using the qbase™ PLUS software (Biogazelle, Ghent, Belgium) from 

three stable housekeeping reference genes, GAPDH and PPIA for the ileum and 

B2M and PPIA for the colon. These genes were selected as reference genes due 

to their lowest stability M value (<1.5) generated by the geNorm application.  

 

Table 5.3 Panel of target genes evaluated in the ileum and colon. 

Target 
gene 

Accession No. Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm 
(°C) 

Immune response 

IL1A 
 

NM_214029.1 
 

F: CAGCCAACGGGAAGATTCTG 
R: ATGGCTTCCAGGTCGTCAT 

76 63.0 
60.5 

IL6 NM_214399.1 F: GACAAAGCCACCACCCCTAA 
R: CTCGTTCTGTGACTGCAGCTTATC 

69 59.8 
62.7 

IL7 NM_214135.2 F: GAGTGACTATGGGCGGTGAGA 
R: GCGGGCGTGGTCATGA 

63 61.8 
56.9 

CXCL8 NM_213867.1 F: TGCACTTACTCTTGCCAGAACTG 
R: CAAACTGGCTGTTGCCTTCTT 

82 61.9 
61.7 

IL10 NM_214041.1 
 

F: GCCTTCGGCCCAGTGAA 
R: AGAGACCCGGTCAGCAACAA 

71 63.4 
63.1 

IL17A 
 

NM_001005729.1 
 

F: CCCTGTCACTGCTGCTTCTG 
R: TCATGATTCCCGCCTTCAC 

57 60.6 
60.4 

IL22 XM_001926156.1 F: GATGAGAGAGCGCTGCTACCTGG 
R: GAAGGACGCCACCTCCTGCATGT 

112 66.0 
66.0 

IFNG 
 

NM_213948.1 
 

F: TCTAACCTAAGAAAGCGGAAGAGAA 
R: TTGCAGGCAGGATGACAATTA 

81 61.1 
61.5 

TNF NM_214022.1 
 

F: TGGCCCCTTGAGCATCA 
R: CGGGCTTATCTGAGGTTTGAGA 

68 62.5 
62.8 

TGFB1 NM_214015.1 
 

F: AGGGCTACCATGCCAATTTCT 
R: CGGGTTGTGCTGGTTGTACA 

101 60.6 
61.7 

FOXP3 NM_001128438.1 
 

F: GTGGTGCAGTCTCTGGAACAAC 
R: AGGTGGGCCTGCATAGCA 

68 60.6 
61.2 

CCL20* NM_001024589.1 F: GCTCCTGGCTGCTTTGATG 
R: TTGCTTGCTGCTTCTGACTTG 

66 58.8 
57.9 

TLR4 NM_001293317.1 F: TGCATGGAGCTGAATTTCTACAA 
R: GATAAATCCAGCACCTGCAGTTC 

140 57·1 
60·6 

TP53* NM_213824.3 F: CCGGGTGGAAGGGAATTT 
R: CCACAACGCTGTGTCGAAAA 

68 56.0 
57.3 

STAT3* NM_001044580 F: TCTTGAGAAGCCAATGGAGATTG 
R: TGGAGGAGGCGGGACTCT 

69 58.9 
60.5 

Intestinal integrity 

MUC2 AK231524 F: CAACGGCCTCTCCTTCTCTGT 
R: GCCACACTGGCCCTTTGT 

70 63.1 
62.1 

TJP1/ZO-
1 

XM_005659811.1 F: TGAGAGCCAACCATGTCTTGAA 
R: CTCAGACCCGGCTCTCTGTCT 

76 59.9 
60.0 

Cholinergic receptor 
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CHRM1* NM_214034.1 F: GCCATGGCCGCCTTCT 
R: GGTTCTCTGTCTCCCGGTAGATG 

76 56.9 
64.2 

NADPH oxidases 

NOX1* XM_003484140.3 F: CTTTGAAAGGATCCTCCGATTTT 
R: ATGGATACATGACCACCTTGGTAA 

71 57.1 
59.3 

DUOX2* NM_213999.2 F: CTGGGCCTTGACATAGATGAGAT 
R: GGCAAAAAGGTGTCTGAAGAAGA 

108 60.6 
58.9 

Reference genes 

PPIA 
 

NM_214353.1 
 

F: CGGGTCCTGGCATCTTGT 
R: TGGCAGTGCAAATGAAAAACT 

75 62.1 
60.7 

B2M NM 213978.1 F: CGGAAAGCCAAATTACCTGAAC 
R: TCTCCCCGTTTTTCAGCAAAT 

83 58.2 
58.4 

GAPDH 
 

AF017079.1 
 

F: CAGCAATGCCTCCTGTACCA 
R: ACGATGCCGAAGTTGTCATG 

72 62.2 
62.1 

bp, base pairs; Tm, melting temperature; IL1A, interleukin 1 alpha; IL6, interleukin 

6; IL7, interleukin 7; CXCL8, C-X-C motif chemokine ligand 8 gene; IL10, 

interleukin 10; IL17A, interleukin 17 alpha; IL22, interleukin 22; IFNG, interferon 

gamma; TNF, tumour necrosis factor; TGFB1, transforming growth factor beta 1; 

FOXP3, forkhead box P3; CCL20, C-C motif chemokine ligand 20; TLR4, toll-like 

receptor 4; TP53, tumour  protein p53; STAT3, signal transducer and activator of 

transcription 3; MUC2, mucin 2; TJP1/ZO-1, tight junction protein 1/zona 

occludens 1; CHRM1, cholinergic receptor muscarinic 1; NOX1, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase 1; DUOX2, dual oxidase 2; 

PPIA, peptidylprolyl isomerase A; B2M, beta-2-microglobulin; GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase. 

*Genes encoding proteins with significant role in facilitating or inhibiting 

Salmonella infection. These proteins are associated with chemotaxis (CCL20), 

production of reactive oxygen species (NOX1, DUOX2) anti-inflammatory activity 

(STAT3, CHRM1) and cell survival and death (TP53) (Sibartie et al., 2009; Flores 

et al., 2010; Burton et al., 2014; Huang et al., 2018b; Jaslow et al., 2018; Pohl et 

al., 2018). 

 

 

5.3.9 Statistical analysis 

All data was initially checked for normality using PROC UNIVARIATE procedure 

of Statistical Analysis Software (SAS) 9.4 (SAS Institute, Cary, NC, USA). The 

bacterial counts from the pure culture growth assays were analysed using PROC 
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GLM procedure for the presence of linear and quadratic effects of ANE 

concentration. The biological replicate was the experimental unit. The LSMEANS 

statement was additionally used to calculate the least-square mean values and 

the standard error of the means (SEM). The performance data from the newly 

weaned pig experiment, FS data from both experiments and Salmonella shedding 

data from the challenge experiment were analysed by repeated measures 

analysis using PROC MIXED procedure of SAS (Littell et al., 2006). The model 

included the fixed effects of treatment and time and their associated interaction. 

For the performance data, the initial weight was used as a covariate. Salmonella 

shedding data from the newly weaned pig experiment, performance data from the 

challenge experiment, bacterial populations data and gene expression data were 

analysed using PROC GLM procedure of SAS. The Bonferroni adjustment was 

used in the analysis of the gene expression data when significant differences 

were detected. The model assessed the effect of treatment with the experimental 

unit being the pen for the performance data and animal with pen for the bacterial 

populations and gene expression data. For the performance data, the body 

weight on day 25 was used as a covariate. Probability values of <0.05 denote 

statistical significance, while P-values between 0.05 and 0.10 are considered 

numerical tendencies. Results are presented as least-square mean values ± 

SEM. 

 

5.4 Results 

5.4.1 In vitro effects of ANE on S. Typhimurium and B. thermophilum 

growth 

The effects of ANE on the counts of S. Typhimurium and B. thermophilum were 

evaluated in pure culture growth assays and presented in Table 5.4. There was a 

linear decrease in the counts of S. Typhimurium (≤7.6 logCFU/ml reduction) and 

B. thermophilum (≤1.4 logCFU/ml reduction) in response to the increasing ANE 

concentrations (P<0.05). 
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Table 5.4 S. Typhimurium and B. thermophilum counts in response to the 

increasing ANE concentrations in the pure culture growth assays (Least-square 

mean values with their standard errors). 

ANE concentration 
(mg/ml) 

Final bacterial concentration (logCFU/ml) 

S. Typhimurium B. thermophilum 

0 8.91 6.55 

1 8.94 6.69 

2 7.86 5.79 

3 4.83 5.91 

4 1.30 5.19 

5 1.30 5.30 

SEM 0.060 0.103 

P-value   
Linear effect <0.001 <0.001 

Quadratic effect 0.083 0.743 

CFU, colony-forming unit. 

 

 

5.4.2 Salmonella presence and isolated serotypes in pigs on day 0 

All 19 pigs sampled on day 0 were identified as Salmonella-positive using QPCR 

with average counts of 7.41 (SD 0.308) logGCN/g faeces. Salmonella presence 

was additionally confirmed using standard ISO protocols and the prevalent 

serotypes were identified. 11 out of the 19 pigs were Salmonella positive (57.9%) 

with S. Enteritidis being the predominant serotype (72.7%) followed by the 

monophasic variant of S. Typhimurium, S. 4,[5],12:i:- (27.3%). 

 

5.4.3 Pig performance and faecal consistency (newly weaned pig 

experiment) 

The effects of ZnO and the two ANE concentrations on final body weight (BW), 

average daily gain (ADG), average daily feed intake (ADFI) and growth to feed 

ratio (G:F) are presented in Table 5.5. Dietary supplementation with ZnO 

increased final BW, ADG and ADFI compared to all other treatments (P<0.05), 

whereas none of the ANE concentrations had an effect on these parameters 

(P>0.05). Both ZnO and high ANE supplementation increased G:F compared to 

the other treatments (P<0.05).  
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The effects of ZnO and the two ANE concentrations on faecal scores (FS) are 

presented in Figure 5.1. There was no time x treatment interaction on FS 

(P>0.05). Overall, dietary supplementation with ZnO reduced FS compared to all 

other treatments during the 21-day experimental period [2.83 (ZnO) vs 3.04 

(control), 3.11 (low ANE) and 3.11 (high ANE) ± 0.036, P<0.05]. None of the ANE 

concentrations had an effect on FS (P>0.05).  
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Table 5.5 Effects of dietary treatments on pig performance in the newly weaned pig experiment (Least-square mean values with their 

standard errors). 

 Treatment* SEM Day SEM Treatment 
effect 

Time 
effect 

Treatment x 
Time effect Basal ZnO Low ANE High ANE 7 14 21 

Final BW (kg) 14.96a 16.18b 14.50a 15.22a 0.313 9.04A 11.27B 15.22C 0.157 <0.001 <0.001 0.432 

ADG (kg/d) 0.29a 0.37b 0.29a 0.32a 0.016 0.09A 0.32B 0.54C 0.014 0.001 <0.001 0.644 

ADFI (kg/kg) 0.50a 0.56b 0.50a 0.51a 0.015 0.20A 0.55B 0.80C 0.013 0.003 <0.001 0.166 

G:F ratio 0.51a 0.62b 0.51a 0.61b 0.034 0.43A 0.59B 0.68C 0.029 0.017 <0.001 0.186 

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F; growth to feed ratio. 

*A total of 12 replicates were used per treatment (replicate = pen). 

a,b Mean values within a row with different superscript lowercase letter indicate significant differences between treatments (P<0.05). 

A,B,C Mean values within a row with different superscript capital letter indicate significant differences between days (P<0.05). 
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Figure 5.1 Effect of dietary treatments on faecal consistency during the first 21 

days post-weaning (least square means with their standard errors represented in 

vertical bars). The scoring system was from 1 to 5: (1) hard, firm faeces; (2) 

slightly soft faeces; (3) soft, partially formed faeces; (4) loose, semi-liquid faeces; 

(5) watery, mucous like faeces (Walsh et al., 2013a). A total of 12 replicates were 

used per treatment (replicate = pen). 

 

 

5.4.4 Salmonella faecal shedding (newly weaned pig experiment) 

The effects of ZnO and ANE concentrations on Salmonella faecal shedding are 

presented in Table 5.6. On day 14, there was no effect of the dietary treatments 

on Salmonella counts in the faeces (P>0.05). However, on day 21, dietary 

supplementation with high ANE reduced Salmonella counts in the faeces 

compared to the control and low ANE group (P<0.05). 
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Table 5.6 Effects of dietary treatments on Salmonella shedding in naturally 

infected weaned pigs (Least-square mean values with their standard errors). 

 Day Treatment* SEM P-value 

Control ZnO Low ANE High ANE 

Faecal Salmonella 

counts (logGCN/g 

faeces) 

14 6.74 6.78 6.97 6.84 0.115 0.475 

21 7.25b 7.02ab 7.29b 6.70a 0.121 0.006 

GCN, gene copy number. 

*A total of 12 replicates were used per treatment (replicate = pig). 

a,b Mean values within a row with different superscript lowercase letter indicate 

significant differences between treatments (P<0.05). 

 

 

5.4.5 Pig performance and faecal consistency (challenge experiment) 

The effect of high ANE and the residual effect of ZnO on final BW, ADG, ADFI 

and G:F are presented in Table 5.7. There was no effect of the dietary treatments 

on final BW, ADG, ADFI and G:F during the 9-day period (P>0.05). There was no 

time x treatment interaction on FS (P>0.05, data not shown). 

 

Table 5.7 Effect of high ANE and residual effect of ZnO on pig performance in the 

challenge experiment (Least-square mean values with their standard errors). 

 Treatment* SEM P-value 

Control ZnO-residual High ANE 

Final BW (kg) 25.13 24.59 24.73 0.338 0.520 

ADG (kg/d) 0.75 0.69 0.71 0.038 0.517 

ADFI (kg/d) 1.13 1.15 1.10 0.027 0.418 

G:F 0.67 0.61 0.64 0.024 0.306 

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F, 

growth to feed ratio. 

*A total of 6 replicates were used per treatment (replicate = pen). 
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5.4.6 Salmonella faecal shedding (challenge experiment) 

The effect of high ANE and the residual effect of ZnO on Salmonella faecal 

shedding following the experimental re-infection with S. Typhimurium are 

presented in Table 5.8. There was no effect of the dietary treatments on 

Salmonella counts in the faeces on any of the days tested (P>0.05). There was a 

time effect on Salmonella shedding. Salmonella counts were lower in the faeces 

on day 25 compared to day 34 (7.13 logGCN/g digesta vs 7.35 logGCN/g digesta 

± 0.150, P<0.05). 

 

Table 5.8 Effect of high ANE and residual effect of ZnO on Salmonella shedding 

following experimental re-infection with S. Typhimurium (Least-square mean 

values with their standard errors). 

Day Treatment* Faecal Salmonella counts 
(logGCN/g faeces) 

25 Control 7.22 

 ZnO-residual 7.16 

 High ANE 7.02 

27 Control 7.33 

 ZnO-residual 7.24 

 High ANE 7.24 

34 Control 7.41 

 ZnO-residual 7.34 

 High ANE 7.30 

SEM 0.171 

P-value  
Treatment effect 0.262 

Time effect 0.025 

Treatment x time effect 0.961 

GCN, gene copy number. 

*A total of 12 replicates were used per treatment (replicate = pig). 

 

 

5.4.7 Salmonella counts in colonic and caecal digesta (challenge 

experiment) 

The effect of high ANE and the residual effect of ZnO on Salmonella counts in 

colonic and caecal digesta of pigs on day 34 are presented in Table 5.9. There 

was no effect of the dietary treatments on Salmonella counts in colonic and 

caecal digesta (P>0.05). 
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Table 5.9 Effect of high ANE and residual effect of ZnO on Salmonella counts in 

colon and caecum and on colonic bacterial populations on day 34 (Least-square 

mean values with their standard errors). 

Bacterial group 
(logGCN/g digesta) 

Treatment* SEM P-Value 

Control ZnO-residual High ANE 

Caecal digesta 

Salmonella enterica 6.16 6.30 6.28 0.093 0.536 

Colonic digesta 

Total bacteria 11.98 11.95 11.87 0.051 0.324 

Lactobacillus spp. 10.97 11.07 11.28 0.146 0.324 

Bifidobacterium spp. 7.12ab 6.85a 7.49b 0.159 0.025 

Enterobacteriaceae 7.35b 6.49a 6.66a 0.210 0.017 

B-CoA 8.08 8.18 8.12 0.112 0.809 

Prevotella spp. 11.62 11.57 11.58 0.075 0.884 

Salmonella enterica 7.15 7.17 6.98 0.098 0.321 

GCN, gene copy number; B-CoA, Butyryl-CoA:acetate CoA-transferase. 

*A total of 12 replicates were used per treatment (replicate = pig). 

a,b Mean values within a row with different lowercase superscript letter indicate 

significant differences between treatments (P<0.05). 

 

 

5.4.8 Enumeration of selected bacterial populations in the colonic digesta 

(challenge experiment) 

The effect of high ANE and the residual effect of ZnO on the counts of selected 

bacterial populations in the colonic digesta of pigs on day 34 are presented in 

Table 5.9. Dietary supplementation with high ANE decreased Enterobacteriaceae 

counts compared to the control group (P<0.05). Enterobacteriaceae counts were 

also decreased in the ZnO-residual group compared to the control group 

(P<0.05). Dietary supplementation with high ANE increased Bifidobacterium spp. 

counts compared to the ZnO-residual group (P<0.05), but not compared to the 

control group (P=0.112). There was no effect of the dietary treatments on the 

counts of total bacteria, Lactobacillus spp., butyrate-producing bacteria (B-CoA) 

and Prevotella spp. (P>0.05). 
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5.4.9 Gene expression in ileum and colon (challenge experiment) 

The effect of high ANE and the residual effect of ZnO on the expression of 

selected genes in the ileum and colon of pigs are presented in Table 5.10. In the 

ileum, dietary supplementation with high ANE decreased the expression of 

Interleukin 22 (IL22) and Transforming growth factor beta 1 (TGFB1) compared to 

the control (P<0.05). IL22 (P=0.077) and TGFB1 (P=0.076) approached 

significance in terms of decreased expression in the ZnO-residual group 

compared to the control. The expression of interleukin 10 (IL10) approached 

significance in terms of decreased expression in the ZnO-residual group 

compared to the control and the high ANE groups (P=0.075). In the colon, dietary 

supplementation with high ANE decreased the expression of C-C motif 

chemokine ligand 20 (CCL20) compared to the ZnO-residual group (P<0.05). 

 

Table 5.10 Effect of high ANE and residual effect of ZnO on the expression of 

inflammation-associated genes in the ileum and colon (Least-square mean 

values with their standard errors). 

Target 
gene 

Treatment SEM P-value 

Control ZnO-residual High ANE 

Ileum* 

IL1A 1.01 0.90 0.96 0.056 0.384 

IL6 1.18 1.01 1.01 0.141 0.625 

IL7 1.23 1.01 1.01 0.133 0.330 

CXCL8 1.47 1.09 0.95 0.320 0.555 

IL10 0.98 0.81 0.99 0.058 0.075 

IL17A 1.28 1.68 0.75 0.343 0.116 

IL22 1.47b 0.86ab 0.72a 0.190 0.017 

IFNG 1.31 1.17 0.99 0.245 0.691 

TNF 1.00 1.17 0.99 0.116 0.474 

TGFB1 1.25b 0.99ab 0.86a 0.083 0.007 

FOXP3 1.05 0.97 0.97 0.125 0.882 

CCL20 1.24 1.13 0.80 0.209 0.327 

TLR4 1.10 0.96 1.02 0.096 0.571 

TP53 0.98 1.08 1.03 0.052 0.356 

MUC2 1.05 0.94 1.23 0.195 0.346 

TJP1/ZO-1 1.05 1.06 1.06 0.094 0.905 

STAT3 1.39 1.07 1.09 0.206 0.979 

CHRM1 1.29 1.35 1.54 0.459 0.717 

NOX1 1.27 1.21 0.96 0.266 0.368 

DUOX2 0.88 0.80 0.75 0.096 0.636 

Colon§ 

IL1A 1.17 0.95 0.96 0.122 0.420 



181 
 

IL6 1.14 1.05 1.25 0.221 0.825 

IL7 1.07 0.94 1.08 0.113 0.514 

CXCL8 1.12 1.13 0.94 0.138 0.574 

IL10 1.09 1.00 1.03 0.125 0.882 

IL17A 1.10 1.03 1.02 0.172 0.940 

IL22 1.24 0.91 1.23 0.213 0.475 

IFNG 0.91 1.00 1.04 0.097 0.642 

TNF 1.20 0.97 0.90 0.122 0.196 

TGFB1 1.07 0.89 1.16 0.117 0.289 

FOXP3 0.88 1.01 1.28 0.153 0.196 

CCL20 1.13ab 1.67b 0.62a 0.223 0.007 

TLR4 0.91 0.98 1.13 0.114 0.154 

TP53 1.03 0.99 0.98 0.055 0.752 

MUC2 1.09 1.06 1.11 0.105 0.953 

TJP1/ZO-1 0.99 1.05 1.00 0.044 0.529 

STAT3 1.10 0.98 1.17 0.120 0.521 

CHRM1 1.20 1.50 1.24 0.235 0.623 

NOX1 1.09 1.13 1.08 0.114 0.959 

DUOX2 1.05 1.23 1.07 0.146 0.630 

IL1A, interleukin 1 alpha; IL6, interleukin 6; IL7, interleukin 7; CXCL8, C-X-C motif 

chemokine ligand 8 gene; IL10, interleukin 10; IL17A, interleukin 17 alpha; IL22, 

interleukin 22; IFNG, interferon gamma; TNF, tumour necrosis factor; TGFB1, 

transforming growth factor beta 1; FOXP3, forkhead box P3; CCL20, C-C motif 

chemokine ligand 20; TLR4, toll-like receptor 4; TP53, tumour protein p53; 

MUC2, mucin 2; TJP1/ZO-1, tight junction protein 1/zona occludens 1; STAT3, 

signal transducer and activator of transcription 3; CHRM1, cholinergic receptor 

muscarinic 1; NOX1, nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase 1; DUOX2, dual oxidase 2. 

* A total of 12 replicates were used per treatment apart from high ANE whereby 

11 replicates were used (replicate = pig). 

§A total of 12 replicates were used per treatment (replicate = pig). 

a,b Mean values within a row with different superscript lowercase letter indicate 

significant differences between treatments (P<0.05). 

 

 

5.5 Discussion 

This study explored the in vitro and in vivo anti-Salmonella activity of a fucoidan-

rich A. nodosum extract (ANE) produced using a novel hydrothermal-assisted 

extraction methodology. While the ANE (≈42% fucoidan) exhibited a strong 
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concentration-dependent anti-S. Typhimurium activity, it also exhibited a slight 

anti-B. thermophilum activity in vitro. The in vivo effects of the ANE were 

subsequently evaluated in two experiments that focused on different stages of 

development. In newly weaned pigs, the high ANE supplementation group had 

increased G:F and reduced Salmonella counts in the faeces on day 21 post-

weaning. ZnO supplementation improved final BW, ADG, ADFI, G:F and FS with 

no impact on Salmonella counts. In the challenge experiment, there was no effect 

of any treatment on the performance of growing pigs and Salmonella counts in 

faeces or digesta. Nevertheless, both the high ANE-supplemented and ZnO-

residual groups had reduced Enterobacteriaceae counts compared to the control 

group, with the high ANE-supplemented group also having increased 

Bifidobacterium spp. counts compared to the ZnO-residual group. High ANE 

supplementation also reduced intestinal inflammation characterised by decreased 

expression of IL22 and TGFB1 in the ileum compared to the control group and 

CCL20 in the colon compared to the ZnO-residual group. These results indicate 

that ANE might be a promising dietary supplement to improve the negative 

impact of Salmonella infection on the gastrointestinal microbiota and inflammation 

in pigs. An additional finding of this study was the indication that short-term ZnO 

supplementation could have long-lasting residual effects on the gastrointestinal 

microbiota and immune system.  

The inclusion of ANE in an S. Typhimurium pure culture growth assay led to a 

concentration-dependent reduction of S. Typhimurium counts – similar to the 

observations of Chapter 3. In both studies, ANE also reduced the counts of B. 

thermophilum, a commonly isolated member of the Bifidobacterium spp. 

population in pigs with potential involvement in the competitive exclusion of 

intestinal pathogens (Klose et al., 2010b; Tanner et al., 2014a). However, the 

antibacterial effect of ANE was more pronounced for S. Typhimurium than for B. 

thermophilum (7.6 vs 1.4 logCFU/ml reduction, respectively). While it is not 

possible to definitively identify which is the bioactive component of the ANE 

extract, it consisted predominantly of fucoidan (≈42%), with other polysaccharides 

including laminarin, mannitol and alginate present at lower concentrations 

(16.6%, 9.6% and 4.1%, respectively). Depolymerised fucoidans are thought to 

exert an antibacterial activity by interfering with the integrity and permeability of 

the bacterial cell membrane which result in cell leakage and death and/or by 
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nutrient trapping (Liu et al., 2017; Huang et al., 2018a; Palanisamy et al., 2019). 

As HCl and temperature, which were components of the hydrothermal-assisted 

extraction methodology, result in fucoidan depolymerisation (Yuan and 

Macquarrie, 2015a; Yuan and Macquarrie, 2015b), we hypothesise that a mixture 

of low molecular weight fucoidans with antibacterial activity are present in the 

ANE. 

Weaned pigs were sourced from a commercial farm which, at the time of 

weaning, had an estimated Salmonella seroprevalence of 46.7%. All faecal 

samples collected on day 0 of the trial were identified as Salmonella-positive 

using QPCR, whereas only 57.9% (11/19 pigs) of faecal samples were 

Salmonella positive using the standard culturing techniques. The lower 

Salmonella detection could be attributed to the freezing of the pig faeces which 

reduces Salmonella viability (Pol-Hofstad and Mooijman, 2016). A more 

comprehensive discussion on the variability of the results between QPCR and 

standard culturing techniques is available in Appendix E. Serotyping of the 

Salmonella isolates revealed that the predominant serotype in the weaned pigs of 

the current study was S. Enteritidis (72.7%) followed by the monophasic variant 

of S. Typhimurium, S. 4,[5],12:i:- (27.3%). This was an unexpected finding as 

commercial pig herds in the EU are predominantly infected with S. Typhimurium, 

S. Derby and monophasic S. Typhimurium variant (S. 1,4,[5],12:i:-), whereas S. 

Enteritidis is a poultry-associated serotype with negligible presence in pigs and 

their meat products (European Food Safety Authority, 2016; 2017; 2018; 2019). A 

recent study suggested that pigs may act as potential source of S. Enteritidis 

infection in humans, along with poultry (Li et al., 2018). This observation along 

with our findings are worthy of further investigation on the role of pigs in S. 

Enteritidis infection in humans. 

The immediate post-weaning period is characterised by reduced growth and feed 

intake and diarrhoea (Pluske et al., 1997; Heo et al., 2013). Salmonella infection 

and shedding in pigs is also associated with suboptimal performance (Balaji et 

al., 2000; Turner et al., 2002; Farzan and Friendship, 2010; Knetter et al., 2015). 

In the newly weaned pig experiment, dietary supplementation with high ANE 

improved G:F. As feed intake was not altered in the high ANE-supplemented 

group, the improvement in feed efficiency is probably associated with beneficial 
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changes in parameters of gastrointestinal health. A reduction in the faecal 

Salmonella counts was observed during the 21-day supplementation with high 

ANE and this may have contributed to the improved performance. Similarly, 

Bouwhuis et al. (2017a) reported an improved performance and reduced faecal 

Salmonella shedding when a fucoidan-rich seaweed extract was included in the 

diet of growing pigs. The negative association of Salmonella shedding with 

growth in clinically healthy pigs has also been reported in a previous study 

(Farzan and Friendship, 2010). The ANE displayed a strong anti-S. Typhimurium 

activity during its in vitro evaluation, however, the reduction in Salmonella counts 

in faeces was not of the same magnitude. It was previously hypothesised that 

fucoidan and particularly its depolymerised fractions exerted the antibacterial 

activity. However, depolymerisation may have increased the availability of 

fucoidan as a substrate for fermentation to different members of the 

gastrointestinal microbiota as observed elsewhere (Kong et al., 2016; Hwang et 

al., 2016). Furthermore, in our previous study, the fucoidan-rich A. nodosum 

extract reduced both the S. Typhimurium and an Escherichia coli strain indicating 

a broader antibacterial activity against the Enterobacteriaceae family (Chapter 3). 

Thus, a possible explanation for the reduced effectiveness of ANE against 

Salmonella shedding could be that fucoidan was utilised by commensal bacteria 

and/or exerted a more generic antibacterial activity limiting the available fucoidan 

that could target Salmonella bacterial cells.  

 As expected, dietary supplementation with the pharmacological dose of ZnO 

during the first 21 days post-weaning improved final BW, ADG, ADFI and G:F as 

well as faecal consistency similar to previous studies with presumably 

Salmonella-free, weaned pigs (Wang et al., 2009; Zhu et al., 2017; Mukhopadhya 

et al., 2019) and with weaned pigs with concurrent Salmonella infection (Janczyk 

et al., 2013; Pei et al., 2019). ZnO improves post-weaning growth and 

gastrointestinal functionality in a number of ways including: increased secretion of 

appetite hormones, improved villus architecture, reduced apoptosis and 

increased proliferation of enterocytes, greater expression of nutrient transporters 

and tight junctions, reduced intestinal inflammation and altered composition of the 

microbiota (Hojberg et al., 2005; Yin et al., 2009; Starke et al., 2014; Xia et al., 

2017; Mukhopadhya et al., 2019; Pei et al., 2019). All these changes contribute to 

improvements in nutrient intake and absorption, thus, enhancing pig 
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performance. Of concern was the suggestion that ZnO supplementation led to 

higher and longer Salmonella shedding in experimentally infected pigs (Janczyk 

et al., 2013). However, no such effect was observed in the naturally infected pigs 

supplemented with ZnO in the current study or in that published by Pei et al. 

(2019). This difference could be due to the fact that ZnO supplementation 

preceded the experimental infection with S. Typhimurium in the study by Janczyk 

et al. (2013). As ZnO supplementation is associated with alterations in the 

composition of the microbiota, this may have facilitated Salmonella colonisation 

leading, in turn, to higher Salmonella shedding.  

The influence of high ANE supplementation was further explored in pigs during 

the grower phase following the stress of movement and regrouping and a 

Salmonella re-infection. Even though a slight increase in Salmonella shedding 

was observed, it appears that the re-infection with S. Typhimurium did not have a 

major impact on either the established Salmonella population or Salmonella 

shedding. Despite the reduced Salmonella counts in the faeces of high ANE-

supplemented pigs in the newly weaned pig experiment, this observation was not 

evident in the challenge experiment, either in the faeces collected at different time 

points or in the colonic and caecal digesta collected at the end of the experiment. 

In a previous study, dietary supplementation with a fucoidan-rich seaweed extract 

reduced the colonic and caecal Salmonella counts in growing pigs experimentally 

infected with S. Typhimurium (Bouwhuis et al., 2017a). The predominant 

difference between the current study and that of Bouwhuis et al. (2017a) was that 

in the latter, the supplementation of the seaweed extract preceded the 

Salmonella infection indicating that ANE supplementation might have been more 

effective as a preventative dietary intervention for Salmonella infection in pigs. 

Additionally, the pigs in Bouwhuis et al. (2017a) were solely infected with S. 

Typhimurium, in contrast to the current study in which three different Salmonella 

serotypes were present in the pig herd. Thus, the possibility of variation in the 

antibacterial activity of ANE against different Salmonella serotypes should also be 

considered. Unfortunately, the effect of ANE supplementation on the individual 

counts of S. Enteritidis, S. Typhimurium and S. 4,[5],12:i:- in the faeces and 

colonic and caecal digesta was not determined in the current study. 

Nevertheless, high ANE supplementation was associated with reduced 

Enterobacteriaceae counts in the colonic digesta. This supports our previous 
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assumption that antibacterial activity against various members of this family limits 

the available fucoidan that could then target the Salmonella subpopulation. 

Reductions in this bacterial family due to dietary fucoidan inclusion in weaned 

pigs has previously been reported (Walsh et al., 2013b). The lower 

Enterobacteriaceae counts could be indicative of a healthier composition of the 

colonic microbiota in the ANE-supplemented pigs, as this bacterial family is 

considered to be a marker of dysbiosis and a predisposing factor for intestinal 

disease during the post-weaning period (Dou et al., 2017; Gresse et al., 2017; 

Zeng et al., 2017).   

An interesting concept was introduced by Janczyk et al. (2015) who suggested 

that the impact of ZnO on the composition and activity of the gastrointestinal 

microbiota was reversible based on the restored pH and short-chain fatty acids 

levels that were observed after ZnO withdrawal. Nevertheless, no intestinal 

bacterial groups were measured to further confirm this assumption and, therefore, 

this was evaluated in the challenge experiment. This assumption was found to be 

true for most bacterial groups as no differences were observed between the 

control and ZnO-residual groups, two weeks post ZnO removal. However, 

Enterobacteriaceae counts were significantly lower compared to the control 

indicating that ZnO may have a long-term residual impact on the different 

members of the microbiota. The observed reduction may be attributed to the 

release of Zn+2 ions from the liver and kidneys. Despite the decreasing trend of 

the Zn concentration in these tissues two weeks after ZnO supplementation 

ceased, its concentration was still significantly higher compared to the control 

(Janczyk et al., 2015). Metals including Zn exert an antimicrobial activity when 

present in high levels (Lemire et al., 2013). However, prolonged exposure to high 

Zn levels could potentially increase Zn resistance (Johanns et al., 2019) and 

AMR (Bednorz et al., 2013; Ciesinski et al., 2018) within the E. coli population as 

indicated in previous studies. The reduced Enterobacteriaceae counts observed 

in the current study indicate a residual effect of ZnO on this bacterial population 

which merits further research concerning the prevalence of Zn resistance and 

AMR within this family following ZnO removal. This would be of interest in 

countries where ZnO supplementation is still applicable during the weaning 

transition. 
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Salmonella infection in pigs is accompanied by intestinal inflammation that has a 

negative impact on the composition of the residing microbiota, thus, facilitating 

pathogen colonisation and shedding (Drumo et al., 2015; Knetter et al., 2015). 

Dietary supplementation with the high ANE altered the mucosal immune 

response in the ileum by reducing the expression of IL22 and TGFB1. The 

immunosuppressive effect of dietary ZnO in newly weaned pigs that is 

characterised by reduced expression of inflammatory markers (Xia et al., 2017; 

Mukhopadhya et al., 2019) was evident (as a tendency) in the ileum of pigs from 

the ZnO-residual group. The decreased expression of IL22, TGFB1 and IL10 

further supports the notion that dietary supplementation with ZnO has a long-

lasting effect on the gastrointestinal tract. Several murine studies have 

demonstrated that elevated IL22 expression and protein synthesis is associated 

with increased susceptibility to Salmonella colonisation and persistent infection in 

the gastrointestinal tract due to the IL22-induced suppression of commensal 

bacteria via the secretion of antimicrobial proteins (lipocalin-1, S100A8, S100A9, 

Reg3β, Reg3γ) (Behnsen et al., 2014; Grizotte-Lake et al., 2018; Lo et al., 2019). 

IL22 may also contribute to Salmonella colonisation and carrier state in pigs as its 

production was increased following an experimental Salmonella infection (Yang 

et al., 2017). The reduction in the IL22 expression may be linked to the reduced 

TGFB1 expression, as TGFβ1 promotes the differentiation of Th17 cells that 

produce IL22 (Li and Flavell, 2008; Dudakov et al., 2015). Previous studies have 

identified the inhibitory effect of fucoidan on TGFβ1 production and activity by 

interfering with TGFβ1 activation and binding to its receptor (Kim et al., 2013; 

Wang et al., 2019c). Furthermore, TGFB1 gene expression was elevated in mice 

with chronic S. Typhimurium colonisation (Grassl et al., 2008), whereas reduced 

TGFβ1 presence decreased S. Typhimurium counts in spleen and liver 

highlighting its potential role in pathogen persistence (Sashinami et al., 2006). 

Thus, ANE supplementation may have the potential to decrease the immune 

responses that facilitate Salmonella colonisation and persistence, as indicated by 

the reduced IL22 and TGFB1 expression.  

The comparison of the high ANE and the ZnO-residual group revealed significant 

differences in the counts of Bifidobacterium spp. and CCL20 expression in the 

colon. Dietary supplementation with high ANE increased Bifidobacterium spp. 

counts compared to the ZnO-residual group. This finding was unexpected as 
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ANE reduced B. thermophilum in vitro. It may indicate that the responsible anti-

bifidogenic bioactive component was deactivated during its transit from the upper 

gastrointestinal tract or by the residing microbiota. The bifidogenic effect can 

probably be attributed to fucoidan, the major polysaccharide in ANE, based on 

the observations of previous studies (Hwang et al., 2016; Kong et al., 2016).  The 

beneficial role of the various members of Bifidobacterium spp. against Salmonella 

colonisation has been suggested by previous in vitro studies (Collado et al., 2007; 

Kim et al., 2007; Tanner et al., 2014a) and the reduced numbers of this genus in 

weaned pigs during S. Typhimurium infection (Drumo et al., 2015; Arguello et al., 

2018). The increase in Bifidobacterium spp. counts may be linked to the observed 

reduction in CCL20 expression in the high ANE-supplemented pigs, as a previous 

study reported a suppressive effect of B. infantis on CCL20 production induced 

by S. Typhimurium infection in intestinal epithelial cells (Sibartie et al., 2009). An 

elevation in CCL20 expression following Salmonella infection has also been 

observed in pigs (Skjolaas et al., 2006; Yang et al., 2017). CCL20 is involved in 

the recruitment of CCR6+ immune cells including dendritic cells at the site of 

inflammation (Williams, 2006; Lee and Korner, 2019) which was also confirmed in 

an in vitro model of Salmonella infection (Sierro et al., 2001). Previous studies 

have demonstrated that Salmonella can survive within dendritic cells suggesting 

their potential role in Salmonella dissemination to peripheral lymphoid tissues and 

persistent infection (Jantsch et al., 2003; Pietila et al., 2005). Thus, the 

stimulation of Bifidobacterium spp. population by ANE supplementation could not 

successfully reduce the pre-existing Salmonella population in the colon, but it 

may have restrained pathogen dissemination to extraintestinal tissues by 

decreasing intestinal CCL20 expression. Determining Salmonella presence and 

counts in peripheral tissues would confirm this in subsequent studies. 

 

5.6 Conclusion 

In conclusion, the anti-Salmonella activity of a fucoidan-rich ANE produced using 

a novel hydrothermal-assisted extraction methodology was determined in vitro 

prior to its evaluation on two consecutive experiments in naturally infected 

weaned pigs. In the newly weaned pig experiment, high ANE supplementation 

improved G:F post-weaning while additionally reducing faecal Salmonella counts. 
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ZnO supplementation improved pig performance as expected with no impact on 

Salmonella shedding. In the challenge experiment, a slight increase in 

Salmonella shedding was observed in response to pig transfer to the grower 

houses, regrouping and experimental re-infection with S. Typhimurium. The high 

ANE supplementation had no effect on Salmonella counts; nevertheless, it 

reduced Enterobacteriaceae counts, as well as the expression of the 

inflammatory IL22 and TGFB1 genes which are associated with colonisation and 

persistent Salmonella infection. Additionally, high ANE supplementation 

increased Bifidobacterium spp. counts and reduced the expression of CCL20 

gene compared to the ZnO-residual group further indicating its potential to 

modulate Salmonella infection. Thus, the use of ANE as dietary supplement 

merits further exploration regarding its potential to prevent Salmonella 

colonisation and persistence in Salmonella-free pigs and to alleviate the 

gastrointestinal dysfunction in newly weaned pigs.  

In this study, the Enterobacteriaceae counts and the expression of inflammatory 

genes to a lesser extent were reduced, indicating a potential long-term residual 

effect of ZnO on the gastrointestinal tract that should be further investigated 

regarding its implication on pig health.
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Chapter 6. Effects of dietary supplementation with a 

laminarin-rich extract on the growth performance and 
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6.1 Abstract 

Restrictions in antimicrobial use in broiler chicken production is driving the 

exploration of alternative feed additives that will support growth through the 

promotion of gastrointestinal health and development. The objective of this study 

was to determine the effects of dietary inclusion of laminarin on growth 

performance, the expression of nutrient transporters, markers of inflammation 

and intestinal integrity in the small intestine and composition of the caecal 

microbiota in broiler chickens. Two-hundred-and-forty-day-old male Ross 308 

broiler chicks (40.64 (3.43 SD) g) were randomly assigned to: (T1) basal diet 

(control); (T2) basal diet + 150 ppm laminarin; (T3) basal diet + 300 ppm 

laminarin (5 bird/pen; 16 pens/treatment). The basal diet was supplemented with 

a laminarin-rich Laminaria spp. extract (65% laminarin) to achieve the two 

laminarin inclusion levels (150 and 300ppm). Chick weights and feed intake was 

recorded weekly. After 35 days of supplementation, one bird per pen from the 

control and best performing (300 ppm) laminarin groups were euthanized. 

Duodenal, jejunal and ileal tissues were collected for gene expression analysis. 

Caecal digesta was collected for microbiota analysis (high-throughput sequencing 

and QPCR). Dietary supplementation with 300 ppm laminarin increased both final 

body weight (2033 vs 1906 ± 30.4, P<0.05) and average daily gain (62.3 vs 58.2 

± 0.95, P<0.05) compared to the control group and average daily feed intake 

(114.1 vs 106.0 and 104.5 ± 1.77, P<0.05) compared to all other groups. 

Laminarin supplementation at 300 ppm increased the relative and absolute 

abundance of Bifidobacterium (P<0.05) in the caecum. Laminarin 

supplementation increased the expression of interleukin 17A (IL17A) in the 

duodenum, claudin 1 (CLDN1) and toll-like receptor 2 (TLR2) in the jejunum and 

IL17A, CLDN1 and SLC15A1/peptide transporter 1 (SLC15A1/PepT1) in the 

ileum (P<0.05). In conclusion, supplementation with laminarin is a promising 

dietary strategy to enhance growth performance and 300 ppm was the optimal 

inclusion level with which to promote a beneficial profile of the gastrointestinal 

microbiota in broiler chickens.  
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6.2 Introduction 

Poultry meat production has more than doubled worldwide over the last 60 years 

with broiler chickens being the major contributor (Food and Agriculture 

Organisation of the United Nations, 2020). Gastrointestinal functionality and 

health are pivotal in broiler meat production. Ensuring the timely maturation of the 

anatomical, physiological and immunological parameters of the gut and the 

establishment of a beneficial microbial community early in life will increase the 

amount of absorbed nutrients which can be utilized for growth requirements 

(Korver, 2006; Maiorka et al., 2006; Yegani and Korver, 2008; Rubio, 2019). In 

addition, maintaining a compositionally healthy microbial community will also 

reduce intestinal colonization with pathogens such as Clostridium perfringens, 

Salmonella enterica subsp. enterica serotypes and Campylobacter jejuni (Gaggia 

et al., 2010; Chlebicz and Slizewska, 2018). 

In the past, broiler production was heavily reliant on the routine use of 

antimicrobial growth promoters (AGP) which have established benefits in terms of 

performance and feed efficiency (Dibner and Richards, 2005). However, the EU 

ban of AGP in 2006 (Regulation (EC) No 1831/2003) and the implementation of 

further restrictions regarding the use of antimicrobials in food-producing animals 

(Regulation (EU) No. 2019/6 and 2019/4) from 2022 have increased the need for 

alternative feed additives. Prebiotic non-digestible polysaccharides are promising 

with regard to improving broiler growth and health (Gadde et al., 2017). Brown 

macroalgae or seaweeds are a source of wide ranging and novel bioactives, 

including laminarins. These polysaccharides are (1,3)-β-D-glucans with varying 

degrees of β-(1,6) branching that have exhibited prebiotic and immunomodulatory 

activities (O'Sullivan et al., 2010; Sweeney et al., 2012; Murphy et al., 2013; 

Kadam et al., 2015b; Cherry et al., 2019; Vigors et al., 2020). In previous studies 

on broiler chickens, in ovo injection with a seaweed extract containing 

predominantly laminarin increased growth parameters, as well as Bifidobacterium 

spp. and Lactobacillus spp. counts (Bednarczyk et al., 2016; Maiorano et al., 

2017; Tavaniello et al., 2018). Furthermore, dietary supplementation with a highly 

purified laminarin extract derived from Laminaria digitata in chicks infected with C. 

jejuni not only improved overall performance but there were also improvements to 

villus architecture coupled with the upregulation of immunological markers 
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(Sweeney et al., 2017). However, the concentration, structure and bioactivity of 

the macroalgal polysaccharides including laminarin varies with seaweed species, 

season of harvest and extraction method (Garcia-Vaquero et al., 2017).       

Recently, dietary inclusion of a laminarin-rich Laminaria spp. extract (65% 

laminarin) at 300 ppm led to improved growth performance through the 

modulation of nutrient absorption and markers of inflammation and intestinal 

integrity in newly-weaned pigs (Rattigan et al., 2020b). Furthermore, this 

laminarin-rich extract promoted a more beneficial bacterial composition in the 

caecal and colonic microbiota of the supplemented pigs characterized by a 

reduction in the potentially pathogenic Enterobacteriaceae family and stimulation 

of bacterial populations associated with improved growth (Vigors et al., 2020). To 

date, no optimal dietary inclusion level of laminarin has previously been 

established for broiler chickens. Therefore, the objective of this study was to 

explore the effects of two inclusion levels of a 65% purified laminarin Laminaria 

spp. extract on the growth performance of broiler chickens. The second objective 

of this study was to investigate the effects of the optimal inclusion level of 

laminarin on selected gastrointestinal parameters that influence performance 

such as the expression of nutrient transporters and markers of inflammation and 

intestinal integrity in the small intestine and the composition of the caecal 

microbiota. It was hypothesized that dietary supplementation with a laminarin-rich 

extract would enhance growth performance by increasing nutrient absorption, 

improving the composition of the caecal microbiota and modulating the immune 

response and intestinal integrity.  

 

6.3 Materials and Methods 

All animal experimental procedures described in this study were approved by the 

Nottingham Trent University ethics committee (ARE856) and all animal care met 

the guidelines approved by the institutional animal care and use committee 

(IACUC) and the guidelines outlined in Directives 2007/526/EC and 2010/63/EU 

for animal experimentation. 
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6.3.1 Experimental design and diets 

The experiment was a complete randomized design consisting of the following 

treatment groups: (T1) basal diet (Target Feeds, Whitchurch, UK) (control); (T2) 

basal diet + 150 ppm laminarin and (T3) basal diet + 300 ppm laminarin. Day old 

male Ross 308 broiler chicks (n=240) with an average initial weight of 40.64 g 

(3.43 SD) were sourced from PD Hook Hatcheries Ltd (Cote, Bampton, UK). All 

chicks were vaccinated against Marek`s disease, infectious bronchitis and 

Newcastle disease at the hatchery. Chicks were penned randomly in groups of 

five per pen. Each pen was assigned to one of the three treatments (16 

replicates/treatment). Basal diets were mixed for the starter (day 0 - 21) and 

finisher (day 22 - 35) phases on a wheat-soya bean meal base and manufactured 

in house as mash. All diets were formulated to meet the nutrient requirements of 

broilers (National Research Council, 1994). The ingredient and nutrient 

composition of the starter and the finisher basal diet are presented in Table 6.1. 

The T2 and T3 diets were formulated from the basal diet through the addition of 

150 and 300 ppm laminarin which were mixed for 5 minutes using a ribbon mixer 

(Rigal Bennett, Goole, UK). A laminarin-rich extract (BioAtlantis Ltd., Clash 

Industrial Estate, Tralee, Ireland) was obtained from Laminaria spp. using a 

hydrothermal-assisted extraction and pre-optimized conditions for maximum yield 

of laminarin as described previously (Garcia-Vaquero et al., 2019). The crude 

extract was partially purified to increase the relative polysaccharide content and 

to remove or reduce other constituents; proteins, polyphenols, mannitol and 

alginate. This was achieved through mixing the crude extract with pure ethanol 

(to remove polyphenols) followed by water (to remove protein) and calcium 

chloride (to remove alginates). The chemical composition (% w/w dry matter) of 

the laminarin-rich Laminaria spp. extract included 65% laminarin, 18.1% fucoidan, 

6% mannitol, 2.8% alginate, 7.7% ash and 0.4% phlorotannins. The basal diet 

was supplemented with the appropriate quantity of the laminarin-rich extract to 

achieve inclusion levels of 150 and 300 ppm.  
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Table 6.1 Ingredient and nutrient composition of the starter and finisher basal 

diets. 

Ingredients (g/kg) Starter basal diet (day 0 - 21) Finisher basal diet (day 22 - 35) 

Wheat 630.4 718.8 

Soyabean meal (Hipro)1 300.0 206.0 

Soya oil 32.0 44.0 

Limestone flour 8.0 7.2 

Dicalcium phosphate (18%) 13.1 11.1 

Salt 1.6 1.8 

Sodium bicarbonate 2.5 1.5 

DL Methionine 3.9 2.3 

Lysine HCl 3.6 2.8 

L-Threonine 1.4 1.0 

TMV premix2 3.5 3.5 

Phytase3 0.1 0.1 

Calculated compositional 
analysis 

  

Metabolizable energy (MJ/kg)4 12.58 13.39 

Crude protein % 23.10 21.22 

Calcium %4 0.95 0.80 

Lysine %4 1.37 1.15 

Methionine %4 0.51 0.46 

Tryptophan %4 0.27 0.24 

Threonine %4 0.88 0.81 

Phytate P %4 0.24 0.23 

Total phosphorus %4 0.62 0.54 

Available phosphorus %4 0.48 0.41 

Na %4 0.19 0.17 

Cl %4 0.28 0.22 

K %4 0.99 0.92 

Analyzed compositional 
analysis 

  

Gross energy (MJ/kg)4 16.48 16.87 

Dry matter % 87.64 87.64 

Crude protein % 21.87 19.37 

Ash % 4.68 3.89 

1Crude protein content 48%.  

2TMV: Trace minerals and vitamins. TMV premix content (per kg diet): Mn, 100 

mg;  Zn, 88 mg; Fe, 20 mg; Cu, 10 mg; I, 1 mg; Mb, 0.48 mg; Se, 0.2 mg; Vitamin 

A, 45,000 IU (retinol, 13.5 mg); Cholecalciferol, 3 mg; Vitamin E 50% adsorbate, 

25 IU (dl-α-tocopheryl acetate, 25 mg); Menadione, 5 mg; Thiamine, 3 mg; 

Riboflavin, 10 mg; Pantothenic acid, 15 mg; Pyroxidine, 3.0 mg; Niacin, 60 mg; 

Cobalamin, 30 µg; Folic acid, 1.5 mg; Biotin, 125 µg.  

3Quantum Blue Phytase (AB Vista Feed Ingredients, Marlborough, UK). 

4Calculated for nutritional composition (Sauvant et al., 2004). 
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6.3.2 Housing and animal management 

Birds were housed in a 48-pen bird room at the Nottingham Trent University 

Poultry Research Unit (Brackenhurst Campus, Southwell, UK). Each pen (0.64 

m2) was bedded with clean wood shavings and equipped with a 30 cm trough and 

2 nipple drinkers. Birds had ad libitum access to feed and water and care was 

taken to ensure birds ate and drank on day 1. Birds were kept under artificial light 

for 24 h on day 1 followed by an hour increase of darkness each day until day 6. 

Six hours of darkness were then maintained for the remainder of the study. The 

room was thermostatically controlled, and temperatures recorded daily from 

different areas of the unit. The initial temperature of 31 °C on day 1 was gradually 

reduced to 21 °C on day 21 and maintained at this temperature for the remainder 

of the study. Individual bird weight and feed consumption per pen was recorded 

on a weekly basis for the calculation of average daily gain (ADG), average daily 

feed intake (ADFI) and feed conversion ratio (FCR).  

 

6.3.3 Feed analysis  

The dry matter of the feed was determined after drying for 5 days to stable weight 

at 105 °C.  Metabolizable and gross energy were determined using an adiabatic 

bomb calorimeter (Parr Instrument Company, Moline, IL, USA). Ash content was 

determined after ignition of diet samples for 14 h at 650 °C in a muffle furnace. 

(Nabertherm, Bremen, Germany). Nitrogen content of the diets was determined 

using a combustion analyzer (Dumatherm N Pro, Gerhardt Analytical Systems, 

Königswinter, Germany) and multiplied by 6.25 to derive the crude protein 

content.  

 

6.3.4 Sample collection 

All birds from the control and the best performing laminarin group, 300 ppm 

inclusion level, were euthanized on day 35 by cervical dislocation and one bird 

per pen was randomly selected for sample collection. Euthanasia was completed 

by a trained individual in a separate room away from sight and sound of the other 
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birds. For gene expression analysis, duodenal, jejunal and ileal tissue samples 

were rinsed in sterile phosphate buffer saline (Sigma-Aldrich, St. Louis, MO, 

USA), cut into 1 cm2 tissue sections using a sterile scalpel. These were stored 

overnight at room temperature in RNAlater solution (Sigma-Aldrich, St. Louis, 

MO, USA), and subsequently at -20 °C prior to RNA extraction. Digesta were 

collected using gentle digital pressure from both caeca per bird and placed into 

sterile containers (Sarstedt, Nümbrecht, Germany). This was then snap frozen on 

dry ice and stored at -80 °C for subsequent microbial analysis (QPCR and high-

throughput sequencing).  

 

6.3.5 Gene expression in the small intestine 

RNA extraction and relative quantification of the selected panel of genes were 

carried out as described previously in Section 5.3.8 of Chapter 5. 

RNA Extraction: Total RNA was extracted from duodenal, jejunal and ileal tissue 

using TRI Reagent ® (Sigma-Aldrich, St. Louis, MO, USA) according to the 

manufacturer’s instruction. The crude RNA was further purified using GenEluteTM 

Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) 

according to the manufacturer’s instructions. A DNase removal step was included 

using On-Column DNase I Digestion Set (Sigma-Aldrich, St. Louis, MO, USA). 

The total RNA was quantified using a Nanodrop spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA) and the purity was determined using the 

ratio of absorbance at 260 nm and 280 nm. All total RNA samples had 260:280 

nm ratios ≥ 2.0, except for 1 sample with 1.84 ratio and were considered suitable 

for complimentary DNA (cDNA) synthesis. 

cDNA Synthesis: Extracted total RNA (2 μg) was used for the synthesis of the 

cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA) following the manufacturer’s instructions. The 

total reaction volume (20 μl) was adjusted to 400 μl using nuclease-free water.   

Quantitative real time polymerase chain reaction (QPCR) for relative 

quantification: The QPCR reaction mix (20 μl) contained 10 μl GoTaq qPCR 

Master Mix (Promega, Madison, WI, USA), 1.2 μl forward and reverse primers 

(5μM), 3.8 μl nuclease-free water and 5μl cDNA. All QPCR reactions were 
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performed in duplicate and were carried out on the 7500 ABI Prism Sequence 

detection System (Applied Biosystems, Foster City, CA, USA). The cycling 

conditions included a denaturation step of 95 °C for 10 mins followed by 40 

cycles of 95 °C for 15 sec and 60 °C for 1 min. All primers were designed using 

the Primer Express Software (Applied Biosystems, Foster City, CA, USA) and 

synthesised by MWG Biotech UK Ltd (Milton Keynes, UK) and are presented in 

Table 6.2. The sequences of the forward and reverse primers for 

SLC2A1/GLUT1, SLC2A5/GLUT5, SLC5A1/SGLT1, IL6, CXCL8, IL10, IL17A, 

LITAF, TGFB1, IFNG, TLR2, TLR4, CLDN1, OCLN, MUC2, TNFRSF1A, GAPDH, 

ACTB and PPIA genes have been described and validated previously (Sweeney 

et al., 2016; Sweeney et al., 2017). Primer pairs were newly designed for 

SLC1A4, FABP2, AMY2A, SLC15A1/PepT1, SLC15A2/PepT2 genes and their 

specificity was verified in silico using Primer Basic Local Alignment Search Tool 

(Primer-BLAST), https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi. 

Dissociation curves were generated to confirm the specificity of the resulting PCR 

products. The QPCR assay efficiencies were established by plotting the threshold 

cycle (Ct) values derived from 4-fold serial dilutions of cDNA against their 

arbitrary quantities and only assays exhibiting 90 – 110% efficiency and single 

products were used in this study. Normalised relative quantities were obtained 

using the qbaseTM PLUS software (Biogazelle, Ghent, Belgium) from two stable 

housekeeping reference genes; GAPDH and PPIA for duodenum and GAPDH 

and ACTB for jejunum and ileum. These genes were selected as reference genes 

due to their lowest stability M value (<1.5) generated by the GeNorm application.  

 

  

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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Table 6.2 Panel of target genes evaluated in the different regions of small 

intestine. 

Target gene Accession No Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm 
(°C) 

Nutrient transporters and digestive enzymes 

SLC2A1/ 
GLUT1 

NM_205209 F: AACCGCAATGAGGAGAACAAA 
R: GATCGCTGCTGACATCTGTTG 

73 55.9 
59.8 

 SLC2A5/ 
GLUT5 

XM_004947446 F: GGATCAATGCAGTCTTCTACTATGCA 
R: CACCTATGGACACGGTGACATACT 

93 61.6 
62.7 

SLC5A1/ 
SGLT1 

NM_001293240 F: AGCATTTCAGCATGGTGTGTCT 
R: GAGGTGACACCAACTTTATTGAGATG 

88 58.4 
61.6 

SLC1A4 XM_001232899.5 F: CCAACGATCTCTCCTTGATATTAGC 
R: GGGCATCCCCTTCCACAT 

81 61.3 
58.2 

FABP2 NM_001007923.1 F: CTTGGAAAATAGAGAAAAATGAGAACTATG 
R: GGCTCCTAACTTTCTTTTCATCACA 

83 59.9 
59.7 

AMY2A XM_025152793.1 F: CACGGGCACCCACTCAAC 
R: GGCACAGCGGGAAAATCTC 

66 60.5 
58.8 

SLC15A1/ 
PepT1 

NM_204365.1 F: GACAACTTTTCTACAGCCATCTACCA 
R: CAATGAGCGCTCCCAGGAT 

76 61.6 
58.8 

SLC15A2/ 
PepT2 

XM_025152206.1 F: CGAAACTCTGTGGCTCCAACT 
R: CGCTCGCAGAACTCGTTCA 

67 59.8 
58.8 

Inflammatory markers 

IL6 XM_015281283.1 F: CTCCTCGCCAATCTGAAGTC 
R: CCCTCACGGTCTTCTCCATA 

100 59.4 
59.4 

CXCL8 NM_205498.1 F: CTGGAGTGCTCTAGTATG 
R: TCTTACAGATTCTGCAGGTTAGATTTCT 

112 53.7 
60.7 

IL10 NM_001004414.2 F: GCTGCGCTTCTACACAGATGAG 
R: GCCCATGCTCTGCTGATGA 

73 62.1 
58.8 

IL17A NM_204460.1 F: CCATTCCAGGTGCGTGAAC 
R: TTTGATGGGCACGGAGTTG 

64 58.8 
56.7 

LITAF NM_204267.1 F: CCCCTACCCTGTCCCACAA 
R: TGAGTACTGCGGAGGGTTCAT 

67 61.0 
59.8 

TGFB1 JQ423909.1 F: GGTTATATGGCCAACTTCTGCAT 
R: CCCCGGGTTGTGTTGGT 

102 58.9 
57.6 

IFNG FJ788637.1 F: AAGCCGCGAATGAACTCTTC 
R: CTGAGACTGGCTCCTTTTCCTTT 

80 57.3 
60.6 

Toll-like receptors 

TLR2 NM_001161650.1 F: TCTGCAAAAGGCTGTGAACCT 
R: CCAAACGAGTCCTCATCTATGGA 

78 57.9 
60.6 

TLR4 NM_001030693.1 F: GAGCTCTGTGGTTGTCTGTAGCA 
R: CGTTCATCCTCATATCTCTTCACTGA 

91 62.4 
61.6 

Tight Junctions 

CLDN1 NM_001013611.2 F: GCCCTTGGCCAATACATTACA 
R: TGGCACCAGGGAGATATGC 

71 57.9 
58.8 

OCLN NM_205128.1 F: CCCAGAAGACGCGCAGTAAG 
R: GCGCGGTCCCAGTAGATG 

61 61.4 
60.5 



200 
 

Mucins 

MUC2 XM_001234581.3 F: CTGATTGTCACTCACGCCTTAATC 
R: GCCGGCCACCTGCAT 

147 61.0 
52.0 

Cell apoptosis 

TNFRSF1A NM_001030779.1 F: GACCCCATGCACCCAAAAG 
R: AAATCAGCCTCGCCAAACTG 

75 58.8 
57.3 

Reference genes 

GAPDH NM_204305.1 F: GGTGCTAAGCGTGTTATCATCTCA 
R: CATGGTTGACACCCATCACAA 

70 61.0 
57.9 

ACTB NM_205518.1 F: TGCTGCGCTCGTTGTTGA 
R: TCGTCCCCGGCGAAA 

60 56.0 
50.0 

PPIA NM_001166326.1 F: CCTGCTTCCACCGGATCAT 
R: CCGTTGTGGCGCGTAAA 

64 58.8 
55.2 

bp, base pairs; Tm, melting temperature; SLC2A1/GLUT1, glucose transporter 1; 

SLC2A5/GLUT5, glucose transporter 5; SLC5A1/SGLT1, sodium-glucose 

cotransporter 1; SLC1A4, glutamate and neutral amino acid transporter; FABP2, 

fatty acid binding protein 2; AMY2A, amylase alpha 2A; SLC15A1/PepT1, peptide 

transporter 1; SLC15A2/PepT2, peptide transporter 2; IL6, interleukin 6; CXCL8, 

C-X-C motif chemokine ligand 8; IL10, interleukin 10; IL17A, interleukin 17A; 

LITAF, lipopolysaccharide induced TNF factor; TGFB1, transforming growth 

factor beta 1; IFNG, interferon gamma; TLR2, toll-like receptor 2 ; TLR4, toll-like 

receptor 4; CLDN1, claudin 1; OCLN, occludin; MUC2, mucin 2; TNFRSF1A, TNF 

receptor superfamily member 1A; GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase; ACTB, actin beta; PPIA, peptidylprolyl isomerase A.    

 

 

6.3.6 Quantification of selected bacterial groups using QPCR 

DNA extraction and quantification of the selected bacterial groups were carried 

out as described previously in Section 2.3.4 of Chapter 2 with some 

modifications. 

DNA Extraction: Microbial genomic DNA was extracted using QIAamp 

PowerFecal Pro DNA Kit (Qiagen, West Sussex, UK) according to the 

manufacturer’s instructions. The DNA quantity and quality were evaluated using a 

Nanodrop spectrophotometer. 
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Bacterial Primers: The list of the domain-, function-, family- or genus-specific 

primers for the selected bacterial groups are provided in Table 6.3. The 16S 

rRNA gene was targeted for most bacterial groups except for the butyrate-

producing bacteria where the butyryl-CoA:acetate CoA-transferase (B-CoA) gene 

associated with this function was selected (Louis and Flint, 2007; Metzler-Zebeli 

et al., 2010). All bacterial primers were available in the literature. Primers were 

designed using two tools, Primer3 (https://primer3.org/) for larger amplicons 

(>150 bp) and Primer Express™ (Applied Biosystems, Foster City, CA, USA) for 

smaller amplicons (<125 bp), and their specificity was verified using Primer-

BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). 

Plasmid and Standard Curve Preparation: Bacterial genomic DNA from 

Bifidobacterium thermophilum (DSMZ 20210), Lactobacillus plantarum (DSMZ 

20174) and Salmonella enterica sbsp. enterica serotype Typhimurium was 

extracted from pure cultures using DNeasy Blood & Tissue kit (Qiagen, West 

Sussex, UK), whereas for B-CoA bacterial genomic DNA of Faecalibacterium 

prausnitzii (DSMZ  17677) was used. Bacterial strains and genomic DNA were 

purchased from Leibniz Institute DSMZ-German Collection of Microorganisms 

and Cell Cultures (Braunschweig, Germany) except for S. Typhimurium 

(Sweeney et al., 2011). The targeted genes were amplified with a conventional 

PCR with the respective primers and genomic locations outlined in Appendix A 

(Table A.1). The amplicons were incorporated into a vector using the TOPOTM TA 

CloningTM Kit for Sequencing (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, 

USA). One Shot TOP10 Chemically Competent E. coli were transformed 

according to the manufacturer’s instructions using a heat shock method. LB agar 

(Lennox, Co. Dublin, Ireland) plates containing ampicillin (100 µg/ml) were 

inoculated with the bacterial culture (50 µl) using a sterile plate spreader and 

incubated at 37 °C overnight. Individual colonies were re-plated, screened for the 

presence of the plasmid and preserved on cryoprotective beads (TS/71-MX, 

Protect Multi-purpose, Technical Service Consultants Ltd., Lancashire, UK) that 

were stored at -80 °C. The transformed E. coli was re-cultured by transferring a 

single cryoprotective bead in 200 ml LB Broth Base (Invitrogen, Thermo Fisher 

Scientific, Carlsbad, CA, USA) containing ampicillin and incubated at 37 °C for 18 

h at 150 rpm. The plasmids carrying the target genes were extracted on a large 

scale using the GenEluteTM HP Plasmid Maxiprep kit (Sigma-Aldrich, St. Louis, 

https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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MO, USA) and linearized using APA1 (Promega, Madison, WI, USA) restriction 

enzyme according to the manufacturer’s instructions. The linearised plasmids 

were further purified using the GenElute PCR Clean-Up kit (Sigma-Aldrich, St. 

Louis, MO, USA). The purified, linearized plasmids were quantified 

spectrophotometrically and copy number/μl was determined using an online tool 

which employs the formula mol/g * molecules/mol = molecules/g using 

Avogadro's number, 6.022x1023 molecules/mol available online by the URI 

Genomics & Sequencing Center (http://cels.uri.edu/gsc/cndna.html). Standard 

curves were prepared using 5-fold serial dilutions for the purposes of QPCR.   

QPCR for absolute quantification: The final reaction volume (20 μl) included 3 μl 

template DNA, 1 μl or 2 μl (for B-CoA) of each primer (10 μM), 5 μl or 3 μl (for B-

CoA) nuclease-free water and 10 μl of GoTaq qPCR Master Mix (Promega, 

Madison, WI, USA). All QPCR reactions were performed in duplicate and were 

carried out on the ABI 7500 Fast PCR System (Applied Biosystems, Foster City, 

CA, USA). The cycling conditions included a denaturation step of 95 °C for 10 

mins followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. Dissociation 

curves were generated to confirm the specificity of the resulting PCR products. 

To ensure that the PCR products from the sample and plasmid were of equal size 

the PCR products were visualized on an agarose gel stained with 1% ethidium 

bromide. The efficiency of each QPCR reaction was established by plotting the Ct 

values derived from 5-fold serial dilutions of the plasmid against their arbitrary 

quantities and only assays exhibiting 90 – 110% efficiency and single products 

were used in this study. Bacterial counts were determined using a standard curve 

derived from the mean Ct value and the log transformed gene copy number of the 

plasmid and expressed as log transformed gene copy number per gram of 

digesta (logGCN/g digesta). 

 

http://cels.uri.edu/gsc/cndna.html
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Table 6.3 List of forward and reverse primers used for the bacterial quantification by QPCR. 

Target bacterial group Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Amplicon 
length (bp) 

Tm (°C) References 

Total bacteria F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

291 64.2 
52.4 

Frank et al. 
(2007) 

Lactobacillus spp. F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

341 54.5 
55.2 

Metzler-Zebeli 
et al. (2010) 

Bifidobacterium spp. F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

125 60.3 
59.8 

Penders et al. 
(2005) 

Enterobacteriaceae F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

185 54.0 
56.3 

Takahashi et 
al. (2017) 

Butyryl-CoA:acetate CoA-
transferase (B-CoA) 

F: GCIGAICATTTCACITGGAAYWSITGGCAYATG 
R CCTGCCTTTGCAATRTCIACRAANGC 

530 67.0 
64.0 

Louis and Flint 
(2007) 

bp, base pairs; Tm, melting temperature. 
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6.3.7 Bacterial relative abundance using Illumina sequencing 

Extraction of the bacterial DNA from the caecal digesta samples and high-

throughput sequencing of the V3 - V4 hypervariable region of the bacterial 16S 

rRNA gene on an Illumina MiSeq platform were performed according to their 

standard protocols (Eurofins Genomics, Ebersberg, Germany). Briefly, the V3 - 

V4 region was PCR-amplified using universal primers containing adapter 

overhang nucleotide sequences for forward and reverse index primers. 

Amplicons were purified using AMPure XP beads (Beckman Coulter, 

Indianapolis, IN, USA) and set up for the index PCR with Nextera XT index 

primers (Illumina, San Diego, CA, USA). The indexed samples were purified 

using AMPure XP beads, quantified using a fragment analyzer (Agilent, Santa 

Clara, CA, USA), and equal quantities from each sample were pooled. The 

resulting pooled library was quantified using the Bioanalyzer 7500 DNA kit 

(Agilent, Santa Clara, CA, USA) and sequenced using the v3 chemistry (2 × 300 

bp paired-end reads). 

 

6.3.8 Bioinformatic and statistical analyses  

The bioinformatic analysis of the resulting sequences was performed by Eurofins 

Genomics (Ebersberg, Germany) using the open source software package 

(version 1.9.1) Quantitative Insights into Microbial Ecology (Qiime) (Caporaso et 

al., 2010).  All raw reads passing the standard Illumina chastity filter were 

demultiplexed according to their index sequences (read quality score >30). The 

primer sequences were clipped from the starts of the raw forward and reverse 

reads. If primer sequences were not perfectly matched, read pairs were removed 

to retain only high-quality reads. Paired-end reads were then merged if possible, 

to obtain a single, longer read that covers the full target region using the software 

FLASH 2.2.00 (Magoč and Salzberg, 2011). Pairs were merged with a minimum 

overlap size of 10 bp to reduce false-positive merges. The forward read was only 

retained for the subsequent analysis steps when merging was not possible. 

Merged reads were quality filtered according to the expected length and known 

length variations of the V3 - V4 region (ca. 445 bp). The ends of retained forward 

reads were clipped to a total read length of 285 bp to remove low quality bases. 
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Merged and retained reads containing ambiguous bases were discarded. The 

filtered reads (merged and quality clipped retained forward reads) were used for 

the microbiome profiling. Chimeric reads were identified and removed based on 

the de-novo algorithm of UCHIME (Edgar et al., 2011) as implemented in the 

VSEARCH package (Rognes et al., 2016). The remaining set of high-quality 

reads was processed using minimum entropy decomposition (MED) to partition 

reads to operational taxonomic unit (OTU) (Eren et al., 2013; Eren et al., 2015). 

DC-MEGABLAST alignments of cluster representative sequences to the NCBI 

nucleotide sequence database were performed for taxonomic assignment (from 

phylum to species) of each OTU. A sequence identity of 70% across at least 80% 

of the representative sequence was the minimal requirement for considering 

reference sequences. Abundances of bacterial taxonomic units were normalized 

using lineage-specific copy numbers of the relevant marker genes to improve 

estimates (Angly et al., 2014). 

The normalized OTU table combined with the phenotype metadata and 

phylogenetic tree comprised the data matrix. This matrix was then input into the 

phyloseq package within R (http://www.r-project.org; version 3.5.0). The 

dynamics of richness and diversity in the chicken’s microbiota were computed 

with the observed, Chao1, ACE, Shannon, Simpson, inverse Simpson and Fisher 

indices. The Simpson and Shannon indices of diversity account for both richness 

and evenness parameters. To estimate beta diversity measurements, which are a 

measure of separation of the phylogenetic structure of the OTU in one sample 

compared with all other samples, the data was normalized to make taxonomic 

feature counts comparable across samples. Several distance metrics were 

considered, in order to calculate the distance matrix of the different 

multidimensional reduction methods. These included weighted/unweighted 

UniFrac distance and non-phylogenetic distance metrics (i.e., Bray–Curtis, 

Jensen–Shannon divergence and Euclidian) using phyloseq in R (Hamady et al., 

2010; McMurdie and Holmes, 2013). Taxonomy and diversity plots were 

produced using graphics tailored for phylogenetic analysis using the R package 

ggplot2 (Wickham, 2009). Differential abundance testing was performed on tables 

extracted from the phyloseq object at phylum, family, genus and species level. 

The data were analyzed using the PROC GLIMMIX procedure of Statistical 

Analysis Software (SAS) 9.4 (SAS Institute, Cary, NC, USA). The model 
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assessed the effect of treatment with the bird being the experimental unit. 

Fourteen birds per treatment group were used for the statistical analysis of the 

relative bacterial abundances. Results are presented using Benjamini–Hochberg 

(BH) adjusted P-values. 

All other data were initially tested for normality using PROC UNIVARIATE 

procedure of SAS. The performance data was analysed by repeated measures 

analysis using PROC MIXED procedure (Littell et al., 2006). The model included 

the fixed effects of treatment and time and their associated interactions with the 

initial weight used as a covariate and the pen being the experimental unit. The 

data on gene expression and bacterial populations by QPCR were analysed 

using PROC GLM procedure. The model assessed the effect of treatment with 

the bird being the experimental unit. An outlier from the 300 ppm laminarin-

supplemented group was removed from the analysis of the data on bacterial 

populations by QPCR as it consistently had lower logGCN/g digesta for each 

bacterial group tested that was associated with problematic bacterial DNA 

extraction. Probability values of <0.05 denote statistical significance. Results are 

presented as least-square mean values ± standard error of the means (SEM). 

 

6.4 Results 

6.4.1 Growth performance 

The effects of increasing the inclusion level of laminarin and time on final body 

weight (BW), ADG, ADFI and FCR are presented in Table 6.4. During the 35-day 

experimental period, birds supplemented with 300 ppm laminarin had increased 

final BW and ADG compared to the control group (P<0.05) and a higher ADFI 

compared to all other groups (P<0.05). There was no difference in FCR between 

different treatment groups throughout the experiment (P>0.05).
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Table 6.4 Effects of increasing laminarin inclusion level on growth performance (Least-square mean values with their standard 

errors). 

 Laminarin Inclusion 
Level (ppm)1 

SEM Time (day) SEM P-value 

0 150 300 21 35 Treatment Time Treatment 
x Time 

Final BW (g) 1906b 1979ab 2033a 30.4 762.4 1972.5 17.55 0.016 <0.001 0.457 

ADG (g) 58.2b 60.6ab 62.3a 0.95 34.4 86.4 0.78 0.014 <0.001 0.495 

ADFI (g) 104.5b 106.0b 114.1a 1.77 62.5 154.0 1.45 <0.001 <0.001 0.096 

FCR 1.57 1.54 1.61 0.030 1.37 1.78 0.025 0.284 <0.001 0.572 

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio.  

a,b Mean values within a row with different superscript letter were significantly different (P<0.05).  

1A total of sixteen replicates were used per treatment group except for 300 ppm whereby fourteen replicates were used (replicate = 

pen, 5 birds/pen).  
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6.4.2 Effects of laminarin supplementation on the caecal microbiota 

Bacterial Richness and Diversity: Dietary supplementation with 300 ppm 

laminarin had no effect on the measures of alpha diversity (P>0.05, Table 6.5) 

and on beta diversity (P>0.05, Figure 6.1) in the caecal digesta.  

 

Table 6.5 Effects of 300 ppm laminarin on measures of alpha diversity in the 

caecal digesta (Least-square mean values with their standard errors). 

Index Laminarin inclusion level (ppm)1 SEM P-value 

0 300 

Observed 176.38 175.36 3.763 0.787 

Chao1 176.38 175.39 3.764 0.818 

ACE 176.41 175.38 3.761 0.788 

Shannon 4.03 4.05 0.051 0.741 

Simpson 0.95 0.95 0.004 0.940 

Inverse Simpson 23.23 25.13 1.982 0.563 

Fisher 28.21 28.01 0.714 0.784 

1A total of sixteen and fourteen replicates were used for the control and 300 ppm 

laminarin treatment respectively (replicate = bird). 
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Figure 6.1 Beta diversity analysis using multiple dimensional scaling and Bray-

Curtis distance matrix. 

 

 

Differential bacterial abundance analysis: There were three bacterial phyla 

identified in the caecal digesta with Firmicutes being the predominant (~94 - 97%) 

followed by Actinobacteria (~1.6 - 3.6%) and Proteobacteria (~1.3 - 2.7%). All 

data on bacterial abundances at phylum, family, genus and species level is 

provided in Appendix F, Tables F.1 - 4. Only differentially abundant bacterial taxa 

at phylum, family, genus and species level in response to laminarin 

supplementation are presented in Table 6.6. 
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At the phylum level, dietary supplementation with 300 ppm laminarin increased 

the relative abundance of Actinobacteria and Proteobacteria (P<0.05). At the 

family level, dietary supplementation with 300 ppm laminarin increased the 

relative abundance of Bifidobacteriaceae within the Actinobacteria phylum in the 

caecal digesta (P<0.05). At the genus level, dietary supplementation with 300 

ppm laminarin increased the relative abundance of Bifidobacterium within the 

Bifidobacteriaceae family and decreased the relative abundance of Sporobacter 

within the Firmicutes phylum in the caecal digesta (P<0.05). At the species level, 

dietary supplementation with 300 ppm laminarin increased the relative 

abundance of Bifidobacterium pseudolongum and Streptococcus alactolyticus 

and decreased the relative abundance of Sporobacter termitidis in the caecal 

digesta (P<0.05). 

 

Table 6.6 Differential relative abundance of bacterial taxa at the phylum, family, 

genus and species level in the caecal digesta of chickens supplemented with 300 

ppm laminarin (mean % relative abundance with their standard errors). 

 Laminarin inclusion level 
(ppm)1 

SEM Adjusted 
P-value 

0 300 

Phylum     

Actinobacteria 1.60 3.56 0.419 0.005 

Proteobacteria 1.29 2.66 0.368 0.020 

Family     

Bifidobacteriaceae 1.53 3.53 0.416 0.003 

Genus     

Bifidobacterium 1.48 3.48 0.410 0.004 

Sporobacter 2.76 1.51 0.389 0.034 

Species     

Bifidobacterium pseudolongum 1.22 2.71 0.367 0.011 

Sporobacter termitidis 3.06 1.63 0.404 0.023 

Streptococcus alactolyticus 1.06 2.23 0.337 0.026 

1A total of fourteen replicates were used for the control and 300 ppm laminarin 

treatment respectively (replicate = bird). 
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Selected Bacterial Populations quantified by QPCR: The effects of dietary 

supplementation with 300 ppm laminarin on selected bacterial populations in the 

caecal digesta of broiler chickens are presented in Table 6.7. Birds supplemented 

with 300 ppm laminarin had increased caecal Bifidobacterium spp. counts 

compared to the control group (P=0.05). The inclusion of 300 ppm laminarin had 

no effects on the counts of total bacteria, Lactobacillus spp., Enterobacteriaceae 

and butyrate-producing bacteria in the caecum (P>0.05).   

 

Table 6.7 Effects of 300 ppm laminarin on selected caecal bacterial populations 

measured by QPCR (Least-square mean values with their standard errors). 

Bacterial group (logGCN/g 
digesta) 

Laminarin inclusion level (ppm)1 SEM P-value 

0 300 

Total bacteria 11.24 11.37 0.049 0.075 

Lactobacillus spp. 10.22 10.34 0.095 0.409 

Bifidobacterium spp. 8.88 9.36 0.163 0.050 

Enterobacteriaceae 7.64 7.81 0.166 0.462 

B-CoA 6.30 6.46 0.167 0.505 

GCN, gene copy number; B-CoA, Butyryl-CoA:acetate CoA-transferase.  

1A total of sixteen and thirteen replicates were used for the control and 300 ppm 

laminarin treatment respectively (replicate = bird). 

 

 

6.4.3 Gene expression in the small intestine 

The effects of laminarin supplementation on the expression of genes associated 

with the functionality and health in the small intestine of broiler chickens were 

evaluated.  All gene expression data is presented in Appendix F, Table F.5. The 

differentially expressed genes in the different parts of the small intestines are 

presented in Table 6.8 and highlighted in this section:  

Nutrient Transporters: Dietary supplementation with 300 ppm laminarin 

upregulated the expression of SLC15A1/peptide transporter 1 (SLC15A1/PepT1, 

P<0.05) in the ileum.   

Immunological Markers: Dietary supplementation with 300 ppm laminarin 

upregulated the expression of interleukin 17A (IL17A, P<0.05) in the duodenum 
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and ileum and the expression of toll-like receptor 2 (TLR2, P<0.05) in the 

jejunum. 

Intestinal Integrity: Dietary supplementation with 300 ppm laminarin upregulated 

the expression of claudin 1 (CLDN1, P<0.05) in the jejunum and ileum. 

 

Table 6.8 Differential expression of nutrient transporters, immunological markers 

and intestinal integrity markers in the small intestine of chickens supplemented 

with 300 ppm laminarin (Least-square mean values with their standard errors). 

Region Target gene Laminarin inclusion level (ppm)1 SEM P-value 

0 300 

Nutrient transporters 

Ileum SLC15A1/PepT1 0.90 1.14 0.061 0.009 

Markers of immune response 

Duodenum IL17A 0.88 1.43 0.176 0.035 

Jejunum TLR2 0.93 1.17 0.123 0.036 

Ileum IL17A 0.86 1.54 0.222 0.041 

Markers of intestinal integrity 

Jejunum CLDN1 0.94 1.13 0.060 0.029 

Ileum CLDN1 0.93 1.19 0.089 0.042 

SLC15A1/PepT1, peptide transporter 1; IL17A, interleukin 17A; TLR2, toll-like 

receptor 2; CLDN1, claudin 1.  

1A total of sixteen and fourteen replicates were used for the control and 300 ppm 

laminarin treatment respectively (replicate = bird). 

 

 

6.5 Discussion 

In this study, it was hypothesized that dietary supplementation with a laminarin-

rich extract would enhance the performance of broiler chickens by upregulating 

the expression of nutrient transporters, promoting a beneficial caecal microbiota 

and enhancing intestinal integrity. The optimal inclusion level identified was 300 

ppm laminarin as it led to the greatest broiler performance. Further investigation 

of the effects of 300 ppm laminarin on the gastrointestinal system identified an 

increase in the absolute and relative abundance of the caecal Bifidobacterium 

spp. and an increase in the expression of a protein transporter gene 
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(SLC15A1/PepT1), a tight junction protein gene (CLDN1) and the inflammatory 

genes IL17A and TLR2. 

Laminarin supplemented at 300 ppm increased feed intake, final BW and ADG. A 

supplement that increases feed intake is of major significance to the broiler 

industry as it directly influences growth rate, nutrient uptake and utilization, and 

subsequently gastrointestinal integrity and development (Ferket and Gernat, 

2006; Maiorka et al., 2006; Yegani and Korver, 2008). Interestingly, an earlier 

study has provided some supporting evidence to suggest that laminarin ingestion 

stimulates feed intake; as chicks that were supplemented with seaweed extracts 

(containing >30% laminarin) in water for the first 7 days post-hatching compared 

to in ovo had an increase in feed intake (Bednarczyk et al., 2016). Further 

analysis in the current study identified an increase in the expression of 

SLC15A1/PepT1 in the ileum. PepT1 is a proton-dependent, low-affinity/high 

capacity di- and tripeptide transporter that is predominantly expressed in the 

small intestine in chickens (Daniel and Kottra, 2004; Zwarycz and Wong, 2013). 

The upregulation of SLC15A1/PepT1 expression may have led to improved 

absorption of the oligopeptides produced after the digestion of dietary protein. 

Thus, the enhanced growth in the laminarin-supplemented chicks in the current 

study may be attributed to increased feed intake and the concomitant increased 

absorption of dietary protein. Interestingly, SLC15A1/ PepT1 was also among the 

nutrient transporters that were stimulated in weaned pigs supplemented with the 

same laminarin-rich extract (Rattigan et al., 2020b). 

Promoting a beneficial microbial composition in the caecum of broiler chickens 

via dietary interventions may improve productivity and health and confer 

colonization resistance to pathogens. The major change in the overall 

composition of the caecal microbiota, as determined by 16S rRNA gene 

sequencing, in response to laminarin supplementation was the increase in the 

relative abundance of Bifidobacterium spp. (Actinobacteria phylum, 

Bifidobacteriaceae family). This result was subsequently confirmed by QPCR. In 

previous studies, laminarin supplementation increased the counts of 

Bifidobacterium spp. and selected strains of this genus in batch fermentation and 

pure cultures (Zhao and Cheung, 2011; Seong et al., 2019), while an increase in 

this bacterial group was also observed in day-old chicks after in ovo injection of a 
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seaweed extract (containing >30% laminarin) (Bednarczyk et al., 2016). The 

ability of Bifidobacterium spp. to utilize laminarin as a substrate is further 

supported by the presence of relevant carbohydrate-degrading enzymes such as 

β-glycosidases in their genome (Zhao and Cheung, 2011; Seong et al., 2019). In 

ovo injection with various Bifidobacterium spp. strains, particularly B. bifidum, 

resulted in improved performance and villus architecture in the ileum, stimulation 

of humoral immunity and beneficial changes in the composition of the ileal 

microbiota (Abdel-Moneim et al., 2020; El-Moneim et al., 2020). A positive 

correlation of bird weight and Bifidobacterium spp. relative abundance in ileum, 

caecum and trachea early in the life of broiler chicks has previously been 

reported (Johnson et al., 2018). Furthermore, anti-C. jejuni activity was observed 

for several Bifidobacterium spp. strains in vitro with B. longum also reducing C. 

jejuni counts in the feces of broiler chickens following oral supplementation 

(Santini et al., 2010; Baffoni et al., 2012). Thus, laminarin supplementation may 

have simultaneously promoted growth and gastrointestinal development and 

increased colonization resistance to pathogens by stimulating the beneficial 

Bifidobacterium spp. population, particularly during the first weeks post-hatching.   

Laminarin supplementation also led to an increase in the relative abundance of 

Proteobacteria, which is considered an indicator of dysbiosis (Shin et al., 2015). 

However, the relative abundance of Proteobacteria was below 3% and no specific 

families, genera or species linked to compromised health or zoonotic pathogens 

were differentially abundant following laminarin supplementation. Furthermore, 

members of the Proteobacteria phylum such as Sutterella have previously been 

correlated with improved body weight (Johnson et al., 2018). Additionally, there 

was a reduction in the relative abundance of Sporobacter genus and Sporobacter 

termitidis, and an increase in the relative abundance of Streptococcus 

alactolyticus in response to laminarin supplementation. The observed reduction in 

Sporobacter may be indirectly affected by laminarin supplementation as a result 

of the increase in Bifidobacterium spp. In a separate study, the relative 

abundance of this genus was reduced following supplementation with a mixture 

of Bifidobacterium spp. strains in mice (Wang et al., 2019b). Sporobacter higher 

abundance in pathological conditions such as constipation in mice (Wang et al., 

2019b) and ETEC infection in weaned pigs (Zhang et al., 2017) indicates that it 

possibly acts as an opportunistic pathogen in animals. Streptococcus 
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alactolyticus is the dominant species within the commensal streptococcal 

population in the chicken caecum (Czerwinski et al., 2010). Streptococcus 

alactolyticus (Streptococcus bovis/Streptococcus equinus complex) can degrade 

β-glucans including laminarin, which supports the observed increase in relative 

abundance (Schlegel et al., 2003; Beckmann et al., 2006).  

Markers of intestinal integrity were also influenced by laminarin supplementation 

with increased expression of CLDN1 in the jejunum and ileum, an effect that 

supports a similar observation in a previous study (Sweeney et al., 2017). 

Claudins are major components of the tight junctions that control the paracellular 

permeability between adjacent epithelial cells and, thus, control the diffusion of 

dietary antigens and nutrients and the translocation of microorganisms 

(Ulluwishewa et al., 2011). For instance, upregulation of claudin 1 and occludin in 

the jejunum of S. Typhimurium-infected chickens was associated with reduced 

pathogen translocation (Shao et al., 2013).  

Nutritional immunomodulation is a promising strategy to confer resistance to 

important pathogens while minimizing the negative impact of the inflammatory 

response on broiler performance (Korver, 2012; Suresh et al., 2018; Kim and 

Lillehoj, 2019). In this study, laminarin supplementation upregulated the 

expression of IL17A and TLR2 in the small intestine. β-glucans have previously 

been identified as a stimulant of genes within the IL17 family, via dectin-1 

(CLEC7a) signaling (Werner et al., 2011; Kamiya et al., 2018).  IL17A is among 

the major cytokines associated with a protective inflammatory response against 

pathogens (Iwakura et al., 2011). IL17A is highly expressed in the small and large 

intestine in chickens (Kim et al., 2012b) and is involved in the immune response 

against various infectious agents such as Eimeria spp. (Kim et al., 2008; Zhang et 

al., 2012), C. jejuni (Connerton et al., 2018), S. Enteritidis (Crhanova et al., 2011; 

Karaffova et al., 2015) and Cl. perfringens (Emami et al., 2019). Previously, oral 

supplementation of mice with laminarin increased TLR2 expression in the small 

intestine, like the current study (Rice et al., 2005). TLR2 is a member of the 

transmembrane Toll-like receptors (TLRs), involved in pathogen recognition and 

immune response initiation, that is predominantly involved in the recognition of 

Gram-positive bacteria but also Gram-negative bacteria, fungi, viruses and 

parasites (Keestra et al., 2013; Nawab et al., 2019). S. Enteritidis infection in 
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chickens led to the suppression of the inflammatory response including TLR2 

downregulation that was associated with increased S. Enteritidis counts in the 

caecum and crop, S. Enteritidis invasion in extraintestinal tissues and 

susceptibility to infection (Gou et al., 2012; Quinteiro-Filho et al., 2017). 

Therefore, the observed upregulation of IL17A and TLR2 solely due to laminarin 

supplementation might be indicative of a more controlled and potentially 

protective immune response without compromising the growth performance of the 

laminarin-supplemented birds.   

 

6.6 Conclusion 

Dietary supplementation with a laminarin-rich extract at 300 ppm was associated 

with increased BW, ADG and ADFI. Further analysis of various aspects of 

gastrointestinal functionality and health identified an upregulation of genes 

associated with nutrient absorption, intestinal integrity and protective immune 

responses against pathogens and an alteration in the composition of the 

microbiota characterized predominantly by a beneficial increase in 

Bifidobacterium spp. Thus, laminarin supplementation is a promising alternative 

to in-feed antimicrobials with which to improve performance and support 

gastrointestinal development and health in broiler chickens. 
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Chapter 7. General discussion and conclusions 
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7.1 Final discussion and conclusions 

A healthy and stable microbiota within the gastrointestinal tract (GIT) contributes 

to gastrointestinal homeostasis and resistance to infection and disease, thus 

supporting performance and overall health in pigs and broiler chickens (Pluske et 

al., 2018; Kogut, 2019). Consequently, the identification of dietary supplements 

with the potential to promote animal performance by modulating the GIT 

microbiota and subsequently gastrointestinal health is an important area of 

research in livestock. The dietary supplements explored in this thesis include 

laminarin and fucoidan-rich seaweed extracts. Crude seaweed extracts were 

used to minimise production costs. In previous pig studies, comparable beneficial 

effects were observed with dietary supplementation of either crude (Bouwhuis et 

al., 2017a; Rattigan et al., 2020b) or highly purified (Walsh et al., 2013b; Heim et 

al., 2014) laminarin- and fucoidan-rich extracts. Other bioactives which were 

evaluated were the parent casein hydrolysate (CH), its 5kDa retentate (5kDaR) 

and yeast β-glucan. The main research objective was to assess the ability of 

these candidate dietary supplements to promote growth and gastrointestinal 

health in weaned pigs by focusing on their effects on the composition of the GIT 

microbiota. For this purpose, this thesis was divided into two parts. Chapters 2 - 4 

included in vitro GIT microbiota models for the evaluation of the prebiotic and 

antibacterial potential of these candidate dietary supplements. Chapter 5 further 

investigated a promising fucoidan-rich extract identified in Chapter 3 as a dietary 

intervention to control Salmonella infection in naturally infected weaned pigs. In 

Chapter 5, other GIT parameters were considered to give a more comprehensive 

understanding of the effects that this fucoidan-rich extract exerted on the GIT. In 

Chapter 6, an industrially produced laminarin-rich extract, with previously 

reported beneficial effects on performance and GIT health in weaned pigs 

(Rattigan et al., 2020b; Vigors et al., 2020) was evaluated for its potential as a 

dietary supplement in broiler chickens. This animal species was selected due to 

the similar gastrointestinal ecosystem, intensive production system and intestinal 

challenges to the pig. An outline of the experimental chapters of this thesis is 

provided in Figure 7.1. The research outcomes of this thesis are discussed in the 

subsequent sections.
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Figure 7.1 Outline of the experimental chapters of this thesis. 
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7.1.1 Use of in vitro GIT microbiota models to evaluate candidate dietary 

supplements 

In Chapters 2 - 4, the in vitro evaluation of the prebiotic and antibacterial potential 

of the casein hydrolysates, yeast β-glucan and crude seaweed extracts included 

the use of batch fermentation assays inoculated with faeces from weaned pigs 

and pure culture growth assays using selected beneficial (L. plantarum, L. reuteri, 

B. thermophilum) and pathogenic (S. Typhimurium, ETEC) bacterial strains. Both 

assays are commonly used for initial screening of candidate dietary supplements 

on bacterial growth (Gibson et al., 2004; Wang et al., 2019d). 

 

7.1.1.1 Casein hydrolysates (CH and 5kDaR) and yeast β-glucan 

The two casein hydrolysates, 5kDaR and its parent CH, have exhibited anti-

inflammatory activity in in vitro and ex vivo studies (Mukhopadhya et al., 2014; 

2015), while the immunomodulatory activity of yeast β-glucan has also been 

reviewed (Stier et al., 2014). Recently, dietary supplementation of the 5kDaR and 

yeast β-glucan combination improved performance, faecal consistency and 

intestinal inflammation in newly weaned pigs (Mukhopadhya et al., 2019). 

However, information concerning the effects of these compounds on the GIT 

microbiota is limited. Therefore, 5kDaR and yeast β-glucan were considered 

excellent candidates to be used during the validation and optimisation of the in 

vitro GIT microbiota models with the additional benefit of better understanding 

how these compounds may influence the growth of the selected bacterial 

indicators. CH was also evaluated in this chapter to determine whether it could be 

used as a comparable substitute to 5kDaR to reduce production costs. The main 

findings of Chapters 2 in which 5kDaR, CH and yeast β-glucan were evaluated 

are summarised as follows: 

• The 5kDaR was the most promising compound, as it was associated with: 

1) increases in Lactobacillus spp. and Bifidobacterium spp. counts in both 

assays, 2) a reduction in S. Typhimurium counts in the pure culture growth 

assay and 3) an increase in butyrate production in the batch fermentation 

assay which is in agreement with previous studies (Poch and 

Bezkorovainy, 1991; Bottari et al., 2017; Wang et al., 2019a); 
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• The CH was not considered a comparable substitute to 5kDaR, as it only 

increased Lactobacillus spp. counts in both in vitro assays and butyrate 

production in the batch fermentation assay; 

• Although yeast β-glucan reduced the Enterobacteriaceae counts, it was 

not considered a promising dietary supplement on its own, as it led to 

unfavourable changes in the batch fermentation assay such as reductions 

in Bifidobacterium spp. and Prevotella spp. counts and butyrate 

production. Additionally, no major effects were observed in the pure culture 

assay. 

These findings suggest that 5kDaR promoted a healthier microbial composition 

within the GIT of pigs that could have partially contributed to the improved 

performance and gastrointestinal health post-weaning (Mukhopadhya et al., 

2019).  

 

 7.1.1.2 Crude seaweed extracts 

In Chapters 3 and 4, crude extracts of A. nodosum, L. hyperborea and L. digitata 

were evaluated regarding their prebiotic and antibacterial potential. The quantity, 

structure and bioactivity of seaweed polysaccharides such as laminarin and 

fucoidan vary with species, harvest season and extraction methodologies and 

conditions (Garcia-Vaquero et al., 2017). These parameters were also considered 

in these chapters with the focus being on the extraction methodologies and 

conditions. Conventional extraction methodologies are inefficient both in terms of 

polysaccharide yield and reproducibility, while novel extraction methodologies 

focus on improving extraction efficiency (Kadam et al., 2013). Recently, response 

surface methodology, a multivariate statistic technique, was used to optimise the 

extraction conditions (temperature, time, solvent to seaweed ratio) of a novel 

hydrothermal-assisted extraction (HAE) methodology to obtain the best 

concentrations of fucoidan and/or laminarin and/or antioxidant activity (Garcia-

Vaquero et al., 2019). The crude extracts of A. nodosum (ANE1 - 4), L. 

hyperborea (LHE1 - 4) and L. digitata (LDE1 - 4) used in this thesis were 

obtained using the four different extraction conditions (E1 - 4) of the novel HAE 

methodology as described by Garcia-Vaquero et al. (2019). Two crude A. 

nodosum extracts obtained using a conventional solvent solid-liquid extraction 
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methodology with water (ANWE) or ethanol (ANEE) as solvents (Tierney et al., 

2013) were also included. Thus, Chapter 3 evaluated the influence of season 

(February vs November) and extraction methodologies and conditions 

(conventional extraction vs HAE) on the prebiotic and antibacterial activity of A. 

nodosum whole biomass samples and extracts, respectively. Chapter 4 evaluated 

the seaweed species, season (February vs November) and extraction conditions 

of the HAE methodology and their influence on the prebiotic and antibacterial 

activity of the whole biomass samples and extracts of L. hyperborea and L. 

digitata. 

The main findings of Chapter 3 are summarised as follows: 

• Season was considered to not influence greatly the A. nodosum with 

regards to its effect on the composition of the faecal microbiota, as both 

whole A. nodosum biomass samples (collected in February and 

November) reduced Bifidobacterium spp. and Enterobacteriaceae counts 

in the batch fermentation assay to a similar extent; 

• From the A. nodosum extracts produced using the different extraction 

conditions of the HAE methodology, ANE1 and ANE4 were associated 

with antibacterial and bifidogenic activities, respectively. ANE1 led to major 

reductions in the counts of both pathogenic strains, S. Typhimurium and 

ETEC, while B. thermophilum counts were reduced to a lesser extent. 

ANE4 increased B. thermophilum counts; 

• ANWE and ANEE, produced using a conventional extraction methodology, 

were not considered promising dietary supplements as these extracts had 

a variable effect on the beneficial bacterial strains, characterised by an 

increase in the counts of B. thermophilum for ANWE and L. plantarum for 

ANEE and reductions in the counts of the two other bacterial strains (L. 

plantarum and L. reuteri for ANWE and L. reuteri and B. thermophilum for 

ANEE). Neither extract exhibited antibacterial activity against the S. 

Typhimurium strain; 

• The improved antibacterial and bifidogenic activity of ANE1 and ANE4, 

respectively, could be due to the fact that these were polysaccharide-rich 

extracts (≈29 - 30%) with fucoidan as the main constituent (≈27%), 
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whereas ANWE and ANEE had low polysaccharide and fucoidan content 

(<9% and <2.5% respectively). 

The main findings of Chapter 4 are summarised as follows: 

• Seaweed species followed by season primarily influenced the effects of 

the whole L. hyperborea and L. digitata biomass samples on the faecal 

microbiota in the batch fermentation assay. This was based on the 

changes in the counts of Bifidobacterium spp., Enterobacteriaceae, 

Lactobacillus spp. and total bacteria; 

• Whole biomass samples of L. hyperborea and L. digitata collected in 

February were identified as the most and least promising samples, 

respectively, to obtain antibacterial extracts, as the former led to the lowest 

Enterobacteriaceae counts among all the tested seaweed samples while 

the latter had no effect; 

• The extraction condition E1 (120 °C, 62.1 min., 30 ml solvent/g seaweed) 

was associated with a strong antibacterial activity against S. Typhimurium 

and ETEC, with B. thermophilum counts also being reduced to a lesser 

extent. Of the two E1-produced extracts, LHE1 was the most potent 

antibacterial extract as it resulted in the lowest S. Typhimurium and ETEC 

counts compared to LDE1, with no difference between the two extracts 

regarding their negative effect on B. thermophilum counts;  

• The extraction condition E4 (120 °C, 80.9 min., 12.02 ml solvent/g 

seaweed) was associated with a bifidogenic activity. Of the two E4-

produced extracts, LDE4 resulted in higher B. thermophilum counts 

compared to LHE4; 

• Fucoidan was considered as the most likely bioactive component to exert 

the antibacterial and bifidogenic activities, as it was present at 

concentrations of 14.4% for LHE1, 14.7% for LHE4, 4.5% for LDE1 and 

5.7% for LDE4 with L. hyperborea extracts having higher fucoidan content 

compared to L. digitata extracts. 

As presented in Table 7.1, several promising dietary candidates with either an 

antibacterial and/or prebiotic potential were identified in Chapters 2 - 4. For the 

next experimental chapter of this thesis, we decided to further evaluate ANE1 as 

a dietary intervention to control Salmonella infection in naturally infected pigs. 
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This extract was selected due to its strong inhibitory effect on S. Typhimurium 

growth in vitro and its high fucoidan content, the component most likely 

associated with this bioactivity. 
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Table 7.1 Summary of the most promising dietary candidates as identified in Chapters 2 - 4. 

Dietary 
supplement 

Bioactive  Potential for in vivo use in Chapter 5 

Casein hydrolysate 5kDaR • Promising prebiotic activity as it increased both Lactobacillus and Bifidobacterium genera 

• Some antibacterial activity against S. Typhimurium 

ANE1 26.8% fucoidan • Potent antibacterial extract as it led to major reductions in S. Typhimurium and ETEC 
counts 

• High concentration of fucoidan (assumed bioactive component)  

ANE4 27.4% fucoidan • Promising bifidogenic extract as it increased B. thermophilum counts 

• High concentration of fucoidan (assumed bioactive component) 

LHE1 14.4% fucoidan • Potent antibacterial extract as it led to major reductions in S. Typhimurium and ETEC counts 

• Average concentration of fucoidan (assumed bioactive component)  

LHE4 14.7% fucoidan • Promising bifidogenic extract as it increased B. thermophilum counts 

• Average concentration of fucoidan (assumed bioactive component) 

LDE1 4.5% fucoidan • Moderate antibacterial extract as it reduced S. Typhimurium and ETEC counts to a lesser 
extent compared to LHE1 

• Low concentration of fucoidan (assumed bioactive component) 

LDE4 5.7% fucoidan • Promising bifidogenic extract as it increased B. thermophilum counts 

• Low concentration of fucoidan (assumed bioactive component)/ additional bioactive might be 
involved 
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7.1.2 Further exploration of a promising A. nodosum extract regarding its 

ability to control Salmonella infection in pigs  

In Chapter 5, the E1 extraction condition of the HAE methodology was used to 

produce a new fucoidan-rich A. nodosum extract (ANE≈42% fucoidan). The 

extraction protocol was adjusted to upscale production of the ANE ensuring 

adequate quantities for the compositional characterisation, in vitro evaluation and 

in vivo experiments. Furthermore, fucoidan content was greater in ANE compared 

to the ANE1 (42% vs 27% fucoidan), produced at a laboratory scale. The ANE 

was initially evaluated in the pure culture growth assays to ensure that it exhibited 

an in vitro anti-S. Typhimurium activity. This fucoidan-rich extract was then 

evaluated at two inclusion levels (low and high) for its potential as a dietary 

intervention to control Salmonella infection and improve performance and 

gastrointestinal health in naturally infected pigs during the immediate post-

weaning period (newly weaned pig experiment) and following regrouping and 

experimental re-infection with S. Typhimurium (challenge experiment). In this 

chapter, ZnO at a pharmacological dose was included during the immediate post-

weaning period due to its previously reported association with increased and 

longer Salmonella shedding (Janczyk et al., 2013). It has been suggested that the 

influence of ZnO on the composition and metabolic activity of the GIT microbiota 

is reversible following ZnO withdrawal (Janczyk et al., 2015). Thus, the residual 

effect of ZnO on selected bacterial populations and other parameters of 

gastrointestinal health was additionally evaluated in the challenge experiment. 

The main findings of Chapter 5 are summarised as follows: 

• ANE reduced the counts of S. Typhimurium (and B. thermophilum to a 

lesser extent) in the pure culture growth assays in a similar manner to 

the ANE1 extract in Chapter 3. The similar in vitro antibacterial activity 

between the ANE used in Chapter 5 and the ANE1 from Chapter 3, both 

of which were obtained using the same extraction protocol from different 

batches of A. nodosum, further supports the assumption of this thesis 

that the extraction methodology and conditions are the major 

determinant of the bioactivity of the crude seaweed extracts. 

Furthermore, the upscaling in the production of the extract was 

successful as ANE maintained its in vitro bioactivity; 
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• In the newly weaned pig experiment, high ANE supplementation led to 

improved G:F, while ZnO supplementation improved all performance 

parameters and faecal consistency as expected. Nevertheless, there 

was no effect of any of the treatments on pig performance in the 

challenge experiment; 

• High ANE did not control Salmonella shedding and colonisation in the 

challenge experiment, despite the observed reduction in Salmonella 

shedding in the newly weaned pig experiment; 

• High ANE supplementation reduced Enterobacteriaceae counts in the 

colon and IL22 and TGFB1 expression in the ileum compared to the 

control. Furthermore, high ANE supplementation increased 

Bifidobacterium spp. counts and reduced CCL20 expression in the colon 

compared to the ZnO-residual group. High ANE supplementation 

exhibited a more generic antibacterial activity towards the 

Enterobacteriaceae family which was also reported elsewhere (Walsh et 

al., 2013b) and reduced the expression of genes associated with 

increased susceptibility to Salmonella colonisation and persistent 

infection (Sashinami et al., 2006; Behnsen et al., 2014; Grizotte-Lake et 

al., 2018). The stimulation of the Bifidobacterium spp. population further 

supports the potential of ANE to promote a healthier composition in the 

GIT microbiota; 

• The ANE consisted predominantly of polysaccharides with fucoidan as 

the major constituent, in agreement with Chapter 3, even though 

variation in the concentration of this polysaccharide existed between 

ANE (42% fucoidan) and ANE1 from Chapter 3 (27% fucoidan) that 

could be due to the upscaling of the extraction protocol for the 

production of ANE. The high concentration of this polysaccharide 

indicates that this is probably the bioactive compound responsible for 

the observed effects on the selected bacterial groups and gene 

expression;  

• The ZnO-residual group had reduced Enterobacteriaceae counts in the 

colon compared to the control. The reduced Enterobacteriaceae counts 

in the ZnO-residual group two weeks after ZnO removal indicate that this 
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compound could potentially have a long-term effect on gastrointestinal 

health. 

 

7.1.3 Crude seaweed extracts as a dietary supplement in monogastric 

production: Potential of a laminarin-rich extract to improve growth and 

gastrointestinal health in broiler chickens 

The overall focus of the thesis was on porcine GIT health; however in Chapter 6, 

a laminarin-rich Laminaria spp. extract (≈65% laminarin), produced at industrial 

scale using the E2 extraction conditions of the HAE methodology, was explored 

regarding its potential as a dietary supplement to promote growth and 

gastrointestinal functionality and health in broiler chickens. This extract was of 

particular interest to our research group as it had previously demonstrated 

beneficial effects on performance, nutrient absorption, intestinal integrity, 

inflammation and composition of the GIT microbiota in newly weaned pigs 

(Rattigan et al., 2020b; Vigors et al., 2020). Both pigs and chickens are 

monogastrics with similarities in GIT microbiota, as presented in Chapter 1. 

Furthermore, both animal species are: 1) reared under intensive production 

systems, 2) susceptible to intestinal dysfunction and disease and 3) a significant 

reservoir of foodborne pathogens (Gaggia et al., 2010; Ducatelle et al., 2018; 

Pluske et al., 2018). Thus, it was of interest to examine whether dietary 

supplementation of broiler chickens with this laminarin-rich extract would exert 

similar beneficial effects. The main findings of Chapter 6 are summarised as 

follows: 

• Dietary supplementation with 300ppm laminarin led to improved final BW, 

ADG and ADFI, whereas 150 ppm laminarin had no effect on bird 

performance. The enhanced performance was most likely associated with 

improved feed intake; however, the increased absorption of dietary 

protein could have been an additional contributing factor as indicated by 

the increased expression of the nutrient transporter PepT1 in the ileum of 

supplemented birds; 

• Dietary supplementation with 300ppm laminarin increased the relative 

and absolute abundance of Bifidobacterium spp. in the caecum. The 

increase in Bifidobacterium spp. probably contributed to the enhanced 
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performance (Abdel-Moneim et al., 2020) and improved colonisation 

resistance (Santini et al., 2010); 

• Dietary supplementation with 300ppm laminarin increased the gene 

expression of the cytokine IL17A in the duodenum, the pattern 

recognition receptor TLR2 and the tight junction protein CLDN1 in the 

jejunum, and IL17A and CLDN1 in the ileum, thus, suggesting enhanced 

intestinal integrity and protective immune responses (Iwakura et al., 2011; 

Nawab et al., 2019).  

These findings indicate that dietary supplementation with the laminarin-rich 

extract would improve infection and disease resistance in broiler chickens 

without compromising growth.    

 

7.2 Future work 

In this section, some suggestions for future research concerning the work 

presented in this thesis are discussed. 

 

Compositional characterisation of crude seaweed extracts: A more complete 

compositional characterisation would have aided the interpretation of the results 

from the in vitro evaluation of the crude seaweed extracts in Chapters 3 and 4, 

where fucoidan and laminarin content was solely determined. The extraction 

conditions of the HAE methodology were optimised for the best yield of fucoidan 

and/or laminarin and/or antioxidant activity (Garcia-Vaquero et al., 2019) and, 

therefore, only these parameters were determined during the development of this 

novel extraction methodology. The in vitro and in vivo antibacterial and prebiotic 

activities observed in Chapters 3 - 5 were most likely associated with the fucoidan 

fraction, as this was the principal polysaccharide in all the extracts. It was present 

in high quantities in the A. nodosum extracts (27 - 42% fucoidan) and in relatively 

high levels in L. hyperborea (14.4 - 14.7%) and to a lesser extent in L. digitata 

extracts (4.5 - 5.7%). The variations in the bioactivity between E1 and E4 extracts 

could be attributed to structural alterations of fucoidan due to the different 

extraction conditions. Nevertheless, the presence of other bioactive components 

such as alginate (present in high concentration in Laminaria spp.) cannot be 
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excluded (Schiener et al., 2015). Thus, a complete compositional characterisation 

of these crude seaweed extracts would be of benefit if possible.  

 

Purification of bioactive component(s) and the optimisation of extraction 

protocols for antibacterial and/or prebiotic activity: The successful upscaling 

of the ANE production indicates that the crude seaweed extracts can be 

produced in large quantities and with reproducible bioactivities in vitro between 

different batches of the same seaweed species (Chapter 3 and 5). This will 

facilitate the further purification and re-evaluation of the purified extracts in the in 

vitro GIT microbiota models. These processes will enable the identification of the 

responsible bioactive component(s) for the prebiotic and antibacterial activities. A 

further step could be the utilisation of response surface methodology, a 

multivariate statistic technique, as done for the development of the HAE 

methodology (Garcia-Vaquero et al., 2019), to identify the optimal extraction 

conditions to obtain the best yield of the bioactive component(s) responsible for 

the prebiotic and antibacterial activities. The optimisation of an extraction protocol 

specific to the antibacterial and/or prebiotic activity might reduce variability 

between extracts and potentially production costs. 

 

Potential improvements in the pure culture growth assay and batch 

fermentation assay: These assays were valuable screening tools in this thesis, 

as they provided some indications on the prebiotic and antibacterial activities of 

the candidate dietary supplements that were also evident in the in vivo studies 

(e.g. reduction in the Enterobacteriaceae family/members in Chapter 3 and 

Chapter 5). Nevertheless, these in vitro assays do not provide an accurate 

representation of the in vivo conditions due to their innate limitations (Gibson et 

al., 2004; Payne et al., 2012; Venema and van den Abbeele, 2013). In the batch 

fermentation assay, an additional limitation to consider is the possibility that the 

established bacterial community might not have been a true representative of the 

faecal microbiota as indicated by the reduced bacterial viability that was probably 

associated with the freezing and thawing of the faeces. Several steps including 

inclusion of in vitro digestion of the tested compounds, selection of more bacterial 
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strains or target bacterial groups, better control of the fermentation conditions, re-

evaluation of the density and preparation of the faecal inoculum and mucin 

addition could generate more robust screening tools. These models could be 

adjusted to screen candidate dietary supplements targeted at broiler chickens by 

including bacterial strains relevant to this animal species in the pure culture 

growth assays and/or using batch fermentation assays using faecal or caecal 

digesta from broiler chickens as described previously (Meimandipour et al., 

2009). Finally, some representation of the intestinal epithelium and mucosal 

immune response could be replicated by transferring the filter-sterilised 

supernatants from the pure culture growth assays and batch fermentation assays 

to cell cultures such as Caco-2 cells and IPEC cells or even intestinal explants 

(pig or chicken) (Mukhopadhya et al., 2015; Uerlings et al., 2020) and evaluating 

their effects on intestinal integrity and inflammation. 

 

Batch fermentation assays as a pathogen colonisation model: Batch 

fermentation assays are used to study the potential of dietary supplements to 

prevent or reduce pathogen colonisation either directly or via stimulation of 

beneficial members of the GIT microbiota in pigs and broiler chickens (Rubinelli 

et al., 2016; Tran et al., 2016a; Feye et al., 2020b). Future experiments could 

employ such assays to investigate the in vitro antibacterial ability of 5kDaR and 

ANE1, LHE1, LDE1 and ANE or improved versions thereof, against S. 

Typhimurium, ETEC or other pathogens such as C. jejuni. The potential of ANE4, 

LHE4 and LDE4 or improved versions thereof to reduce pathogen colonisation by 

enhancing colonisation resistance via the stimulation of the Bifidobacterium spp. 

population (Chapter 3 and 4) or other beneficial bacterial groups in the GIT 

microbiota of pigs and broiler chickens could also be investigated in these 

assays. Promising candidates can then be evaluated in pig and broiler chicken 

challenge experiments with the respective pathogen.  

 

Salmonella infection model in pigs – seaweed extracts as preventative 

dietary interventions: Despite the clear anti-S. Typhimurium activity of the 

fucoidan-rich A. nodosum extract in vitro, it failed to reduce Salmonella shedding 
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and colonisation in naturally infected pigs with three different Salmonella 

serotypes (Chapter 5). Contrarily, in a previous study of our research group, 

dietary supplementation with a fucoidan-rich Laminaria spp. extract prior to an 

experimental infection with S. Typhimurium reduced Salmonella counts in the 

faeces and the gastrointestinal tract of supplemented pigs (Bouwhuis et al., 

2017a). By comparing the current study with that of Bouwhuis et al. (2017a), it 

would seem more likely that the pre-existing Salmonella infection in the pigs was 

accountable for the reduced effectiveness of the A. nodosum extract, followed by 

the Salmonella serotypes, as the A. nodosum extract was selected for its in vitro 

anti-S. Typhimurium activity. Future work could focus on evaluating the in vitro 

antibacterial activity of the A. nodosum extract as well as LHE1, the other crude 

extract with potent in vitro anti-S. Typhimurium activity, against different 

Salmonella serotypes. Further purification of the fucoidan fraction of these 

extracts could also be considered as a means to improve their antibacterial 

potential. These preliminary steps could be followed by an in vivo study, in which 

the seaweed extracts or improved versions thereof, would be supplemented to 

Salmonella-free pigs prior to a Salmonella infection (either natural or 

experimental). This type of experiment could be further expanded to broiler 

chickens, also a significant source of Salmonella infection in humans. Salmonella 

quantification using both QPCR and traditional culturing techniques and use of 

Salmonella serotype-specific primers when more than one serotypes are involved 

should finally be considered for evaluating Salmonella viability and counts in any 

future in vivo experiments. 

 

Salmonella infection model in pigs – other potential improvements: Future 

studies in pigs could consider sampling digesta from the ileum, as significant 

compositional changes in the ileal microbiota were previously observed in 

Salmonella-infected pigs (Arguello et al., 2018). Furthermore, ANE appeared to 

be more active in this GIT region based on its effects on the gene expression in 

Chapter 5. Thus, it would be interesting to evaluate whether the seaweed extracts 

could reduce Salmonella colonisation and promote a more beneficial bacterial 

composition in the ileum as observed in the colon (Chapter 5). 16S rRNA 

sequencing could be employed for the compositional analysis of the microbiota in 
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different GIT regions (ileum, colon, caecum) as done in Chapter 6. Future 

experiments could also investigate the potential of dietary supplementation with 

the seaweed extracts to reduce extra-intestinal Salmonella colonisation, as 

indicated in Chapter 5, by sampling peripheral lymphoid tissues such as 

mesenteric lymph nodes and tonsils. 

 

Dietary supplementation with seaweed extracts in broiler chickens: The 

improvements to performance and GIT functionality in broiler chickens 

supplemented with the laminarin-rich extract in Chapter 6 indicate the benefits of 

exploring polysaccharide-rich seaweed extracts as dietary supplements in broiler 

chickens under normal and challenging commercial conditions. Promising dietary 

supplements could be selected based on in vitro GIT models or prior successful 

supplementation in pigs.  

 

5kDaR and yeast β-glucan supplementation in broiler chickens: Dietary 

supplementation with casein was reported to improve performance in broiler 

chicks (Abbasi et al., 2017). However, casein hydrolysates have not been 

evaluated in this animal species. Yeast β-glucan supplementation has been 

shown to improve growth and parameters of gastrointestinal health under 

challenging conditions (Shao et al., 2013; Shao et al., 2016; Tian et al., 2016) but 

demonstrated no benefits to healthy broiler chickens (Huff et al., 2006; Morales-

Lopez et al., 2009). As Chapter 6 demonstrated how a beneficial dietary 

supplement can be applicable to both pigs and broiler chickens, future studies 

could explore 5kDaR and yeast β-glucan, alone or in combination, for their 

potential to improve performance and GIT health in broiler chickens due to their 

previous beneficial effects in Chapter 2 and in weaned pigs (Mukhopadhya et al., 

2019). 

 

In ovo administration of polysaccharide-rich extracts to improve growth 

and GIT health in broiler chickens: In broiler chickens, early life dietary 

interventions such as in ovo administration of dietary supplements are considered 

a promising means to support growth and health and improve resistance to 
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infection and disease by promoting the colonisation with a beneficial GIT 

microbiota and the development of the immune system (Rubio, 2019). Previous in 

ovo administration of crude seaweed extracts increased faecal Lactobacillus spp. 

and Bifidobacterium spp. counts at hatching and improved performance in broiler 

chickens (Bednarczyk et al., 2016; Maiorano et al., 2017). In Chapter 6, dietary 

supplementation with a laminarin-rich extract improved performance and 

stimulated the Bifidobacterium spp. population and a protective immune response 

indicating that this extract could be an excellent candidate for in ovo 

administration in broiler chickens in future studies. 

 

ZnO supplementation and AMR persistence: An interesting observation in 

Chapter 5 was the potential residual effect that ZnO may have on the 

Enterobacteriaceae population in the GIT. This bacterial population has 

previously been associated with increased AMR in weaned pigs supplemented 

with a pharmacological dose of ZnO (Bednorz et al., 2013; Ciesinski et al., 2018). 

Further work could focus on determining whether AMR persists following ZnO 

removal and the residual effects it may have on the composition of the GIT 

microbiota, particularly, which bacterial groups are affected and whether any 

changes are transient or persistent, and its possible impact on pig health. As 

post-weaning supplementation of ZnO will be banned in the EU by 2022, these 

studies would be of interest for countries where this management practice is still 

permitted.  
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8.1 Publications arising from this thesis 

Chapter 2: Venardou, B., O’Doherty, J. V., McDonnell, M. J., Mukhopadhya, A, 

Kiely, C., Ryan, M. and Sweeney, T. The in vitro effects of yeast β-glucan, a 

casein hydrolysate and its 5 kDa retentate on selected bacterial populations of 

the gastrointestinal tract of pigs. Accepted to Food and Function. 

Chapter 3: Venardou, B., O’Doherty, J. V., Garcia-Vaquero, M., Kiely, C., 

Rajauria, G., McDonnell, M. J., Ryan, M. and Sweeney, T. Evaluation of the 

effects of the extraction methodology on the antibacterial and prebiotic potential 

of Ascophyllum nodosum using selected bacterial members of the pig 

gastrointestinal microbiota. In preparation. 

Chapter 4: Venardou, B., O’Doherty, J. V., Garcia-Vaquero, M., Kiely, C., 

Rajauria, G., McDonnell, M. J., Ryan, M. and Sweeney, T. In vitro evaluation of 

brown seaweed Laminaria spp. as a source of antibacterial and prebiotic extracts 

that could modulate the gastrointestinal microbiota of weaned pigs. In 

preparation. 

Chapter 5: Venardou, B., O’Doherty, J. V., Maher, S., Ryan, M., Ravindran, R., 

Kiely, C., Rajauria, G., Garcia-Vaquero, M. and Sweeney, T. Potential of a 

fucoidan-rich Ascophyllum nodosum extract to reduce Salmonella shedding and 

improve gastrointestinal health in weaned pigs naturally infected with Salmonella. 

In preparation. 

Chapter 6: Venardou, B., O’Doherty, J. V., Vigors. S., O’Shea, C. J., Burton, E. J., 

Ryan, M. and Sweeney, T. Effects of dietary supplementation with a laminarin-

rich extract on the growth performance and gastrointestinal health in broilers. 

Submitted to Poultry Science. 

 

8.2 Conference theatre presentations 

Venardou, B., Kiely, C., Garcia Vaquero, M., Rajauria, G., O'Doherty, J. V. and 

Sweeney, T. 2019. High pressure extraction conditions influence the antibacterial 

and bifidogenic properties of bioactives from the macroalgal species Laminaria 

hyperborea. Nutrients 2019 – Nutritional Advances in the Prevention and 

Management of Chronic Disease, Barcelona, Spain. 



237 
 

Venardou, B., McDonnell, M. J., Garcia-Vaquero, M., Rajauria, G., O’Doherty, J. 

V. and Sweeney, T. 2018. In vitro effects of Laminaria spp. and Ascophyllum 

nodosum extracts on commensal and pathogenic strains frequently isolated from 

the gastrointestinal tract of weaned piglets. Irish Algal Researchers’ Conference 

2018, Galway, Ireland. 

Venardou, B., McDonnell, M. J., Garcia-Vaquero, M., Rajauria, G., O’Doherty, J. 

V. and Sweeney, T. 2018. In vitro effects of seaweed extracts on intestinal 

commensals and pathogens of weaned piglets. Microbes and Mucosal Surfaces 

Focused Meeting, Microbiology Society, Dublin, Ireland. 

Venardou, B., McDonnell, M. J., Mukhopadhya, A., O’Doherty, J. V. and 

Sweeney, T. 2018. Evaluation of the antimicrobial and prebiotic potential of a 

casein-derived hydrolysate on porcine bacterial isolates in vitro. British Society of 

Animal Science Annual Conference, Dublin, Ireland. 

 

8.3 Conference Poster Presentations  

Venardou, B., Kiely, C., Garcia Vaquero, M., Rajauria, G., O'Doherty, J. V. and 

Sweeney, T. 2019. Antibacterial potential of Ascophyllum nodosum against 

pathogens of veterinary significance in weaned piglets. Association for Veterinary 

Teaching and Research Work, Irish Branch, Annual meeting, Teagasc Grange 

Advisory Office, Dunsany, Ireland. 

Venardou, B., Mukhopadhya, A., O'Doherty, J. V. and Sweeney, T. 2019. In vitro 

effects of two casein hydrolysates on selected faecal bacterial populations of 

weaned piglets. 2019. Nutrients 2019 – Nutritional Advances in the Prevention 

and Management of Chronic Disease, Barcelona, Spain. 

Venardou, B., McDonnell, M. J., Garcia-Vaquero, M., Rajauria, G., O’Doherty, J. 

V. and Sweeney, T. 2018. Effects of extraction method on the prebiotic potential 

of Ascophyllum nodosum extracts. Microbes and Mucosal Surfaces Focused 

Meeting, Microbiology Society, Dublin, Ireland. 

Venardou, B., McDonnell, M. J., Garcia-Vaquero, M., Rajauria, G., O’Doherty, J. 

V. and Sweeney, T. 2018. In vitro evaluation of the effects of a Laminaria 

hyperborea extract on commensal and pathogenic bacterial strains frequently 
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isolated from the gastrointestinal tract of weaned piglets. British Society of Animal 

Science Annual Conference, Dublin, Ireland. (Awarded the BSAS President’s 

Prize for the best digital poster at the 2018 Annual Conference). 
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Appendix A 

Table A.1 List of 16S rRNA regions incorporated into plasmids for the preparation of specific Escherichia coli clones used for the 

quantification of Salmonella enterica, Lactobacillus spp., total bacteria, Enterobacteriaceae, Bifidobacterium spp., Prevotella spp. and 

butyrate-producing bacteria. 

Bacterial group GenBank I.D. (for 
purposes of alignment) 

Region 
aligned 

Description Forward primer (5' - 3') 
Reverse primer (5' - 3') 

Tm 
(°C) 

Amplicon 
length (bp) 

Salmonella 
enterica 

CP033360.1 
3616758 - 
3617387 

Cloned Fragment 
and QPCR amplicon 

F: TACTCAACATGGACGGCTCC 
R: TTTGCAAGAGAGAAGCGGGT 

59.3 
57.3 

630 

Lactobacillus spp. CP017124.1 
367650 -
367990 

Cloned Fragment 
and QPCR amplicon 

F: AGCAGTAGGGAATCTTCCA 
R: CACCGCTACACATGGAG 

54.5 
55.2 

341 

Total bacteria CP033387.1 
1195141 -
1195413 

Cloned Fragment 
and QPCR amplicon 

F: GTGCCAGCMGCCGCGGTAA 
R: GACTACCAGGGTATCTAAT 

64.2 
52.4 

291 

Enterobacteriaceae CP041955.1 
483389 -
483554 

Cloned Fragment 
and QPCR amplicon 

F: ATGTTACAACCAAAGCGTACA 
R: TTACCYTGACGCTTAACTGC 

54 
56.3 

185 

Bifidobacterium 
spp. 

CP016019.1 

2328042 -
2328627 

Cloned Fragment 
F: GCAATATTCCCCACTGCTGC 
R: GGTGTGGTGGTGGTTTGAGA 

59.3 
59.3 

586 

2328368 -
2328244 

QPCR amplicon 
located within the 
cloned fragment 

F: GCGTGCTTAACACATGCAAGTC 
R: CACCCGTTTCCAGGAGCTATT 

60.3 
59.8 

125 

Prevotella spp. CP024730.1 
246704 -
246191 

Cloned Fragment 
and QPCR amplicon 

F: CACRGTAAACGATGGATGCC 
R: GGTCGGGTTGCAGACC 

58.3 
56.9 

514 

Butyrate-producing 
bacteria 

Louis and Flint, 2007, 
Metzler-Zebeli et al, 2010 

- 
Cloned Fragment 
and QPCR amplicon 

F: GCIGAICATTTCACITGGAAYWSITGGCAYATG 
R: CCTGCCTTTGCAATRTCIACRAANGC 

- 530 

bp, base pairs; Tm, melting temperature.
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Appendix B 

Table B.1 Health-associated characteristics of the bacterial strains used in the pure culture growth assays. 

Bacterial Strain Beneficial properties Disease References 

Pig Human 

Lactobacillus plantarum • Antimicrobial activity against 

enteropathogens 

• Increase of other Lactobacillus 

spp. strains and butyrate-

producing clostridia 

• Reduction of 

Enterobacteriaceae and ETEC-

induced diarrhea 

• Inhibition of β-glycoronidase 

activity (carcinogenesis) 

• Adhesive properties 

• Antibacterial activity against 

enteropathogens 

• IL-10 upregulation 

• Anti-tumour activity 

• Hypocholesteromic activity 

• Improved nutrient digestibility 

N/A (De Angelis et al., 2006; De 

Angelis et al., 2007; Kaushik 

et al., 2009; Pieper et al., 

2010; Bosch et al., 2012; 

Hasannejad Bibalan et al., 

2017; Mandal and Bagchi, 

2018) 

Lactobacillus reuteri • Adhesive properties 

• Antimicrobial activity against 

enteropathogens 

• Increase of other Lactobacillus 

spp. strains 

• Reduction of 

Enterobacteriaceae 

• Inhibition of β-glycoronidase 

activity (carcinogenesis) 

• Adhesive properties 

• Antimicrobial activity against 

enteropathogens 

• Inhibition of EPEC adhesion 

• Antiviral activity against 

Coxsackieviruses type A and 

Enterovirus 71 

N/A (De Angelis et al., 2006; De 

Angelis et al., 2007; Kim et 

al., 2007; Pieper et al., 

2008; Lee et al., 2009; 

Klose et al., 2010a; 

Lahteinen et al., 2010; Ang 

et al., 2016; Walsham et al., 

2016; Hasannejad Bibalan 

et al., 2017) 
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• Increased adaptation to starch 

fermentation 

Bifidobacterium 

thermophilum 

• Strong anti-Brachyspira activity • Adhesive properties 

• Inhibition of Listeria 

monocytogenes invasion in host 

cells 

• S. Typhimurium inhibition and 

interference with virulence 

factors expression 

• Enhanced epithelial integrity 

during S. Typhimurium infection 

• Antiviral activity against 

Rotavirus and reduced disease 

severity and duration 

N/A (Moroni et al., 2006; Klose 

et al., 2010b; Klose et al., 

2010a; Zihler et al., 2011; 

Gagnon et al., 2016; Tanner 

et al., 2016) 

 

Enterotoxigenic 

Escherichia coli 

O149A+:K91:F4 

N/A N/A Pig: significant mortality, 

postweaning diarrhoea 

Human: no reported disease 

in humans 

(Fairbrother et al., 2005; 

Rhouma et al., 2017) 
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Salmonella Typhimurium 

PT12 

N/A N/A Pig: enterocolitis, 

septicaemia 

Humans: gastroenteritis 

(Quinn et al., 2011; World 

Health Organisation, 2018) 

N/A, Not Applicable.  
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Appendix C 

Table C.1 Effect of CH on the log transformed gene copy number/g faeces of selected faecal bacterial groups and SCFA profile in 

the batch fermentation assay (Least-square mean values with their standard errors). 

 Time SEM P-value 

0h 10h 24h 
 

CH 
effect 

Time 
effect 

CH x Time 
interaction CH concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5  

Bacterial group 
(logGCN/g faeces) 

                

Total bacteria 9.21 9.21 9.21 9.21 8.93 9.10 9.16 9.06 9.83 9.85 9.94 9.95 0.076 0.223 <0.001 0.804 

Lactobacillus spp. 8.15 8.15 8.15 8.15 8.39 8.53 8.70 8.69 8.64 8.60 8.73 8.67 0.035 0.007 <0.001 0.003 

Bifidobacterium spp. 6.16 6.16 6.16 6.16 6.18 6.16 6.24 6.12 6.65 6.65 6.61 6.55 0.014 <0.001 <0.001 0.014 

Enterobacteriaceae 6.89 6.89 6.89 6.89 7.99 8.06 8.19 8.11 8.16 8.09 8.21 8.17 0.032 0.058 <0.001 0.066 

Prevotella spp. 8.89 8.89 8.89 8.89 7.99 8.08 8.17 8.05 7.96 7.84 7.94 7.87 0.022 0.015 <0.001 0.004 

SCFA (mmol/lit)                 

Acetate 18.20 18.20 18.20 18.20 27.21 24.60 31.37 21.14 24.08 24.69 27.98 26.06 3.882 0.606 0.034 0.850 

Butyrate 1.52 1.52 1.52 1.52 0.71 0.42 0.87 0.61 0.28 2.08 1.97 1.54 0.210 0.027 <0.001 0.002 

Propionate 0.58 0.58 0.58 0.58 0.53 0.43 0.92 0.53 0.30 0.47 0.55 0.46 0.261 0.745 0.585 0.926 

Total SCFA 20.97 20.97 20.97 20.97 27.94 26.07 34.79 21.88 25.08 28.09 31.26 28.44 4.617 0.529 0.120 0.820 

logGCN/g faeces, log transformed gene copy number per gram of faeces; SCFA, short-chain fatty acids.  
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Table C.2 Effect of 5kDaR on the log transformed gene copy number/g faeces of selected faecal bacterial groups and SCFA profile 

in the batch fermentation assay (Least-square mean values with their standard errors). 

 Time SEM P-value 

0h 10h 24h 5kDaR 
effect 

Time 
effect 

5kDaR x 
Time 
interaction 

5kDaR concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5 

Bacterial group 
(logGCN/g faeces) 

                

Total bacteria 9.27 9.27 9.27 9.27 8.72 8.77 8.49 9.05 9.54 9.76 9.83 9.88 0.076 0.003 <0.001 0.025 

Lactobacillus spp. 8.37 8.37 8.37 8.37 8.44 8.52 8.47 8.75 8.58 8.64 8.60 8.72 0.035 <0.001 <0.001 0.030 

Bifidobacterium spp. 6.18 6.18 6.18 6.18 6.31 6.41 6.43 6.43 6.60 6.70 6.67 6.68 0.014 0.001 <0.001 0.003 

Enterobacteriaceae 7.01 7.01 7.01 7.01 7.92 7.99 8.01 8.12 7.96 7.94 8.02 8.05 0.038 0.044 <0.001 0.264 

Prevotella spp. 8.83 8.83 8.83 8.83 7.81 7.87 7.85 7.97 7.68 7.72 7.73 7.75 0.029 0.016 <0.001 0.286 

SCFA (mmol/lit)                 

Acetate 26.23 26.23 26.23 26.23 24.17 22.14 22.80 21.40 24.82 24.64 27.11 23.09 4.027 0.980 0.228 0.990 

Butyrate 1.72 1.72 1.72 1.72 0.49 0.34 0.35 0.41 0.36 1.40 1.45 0.88 0.076 0.001 <0.001 <0.001 

Propionate 0.46 0.46 0.46 0.46 0.30 0.29 0.28 0.22 0.33 0.42 0.46 0.34 0.042 0.104 <0.001 0.686 

Total SCFA 29.18 29.18 29.18 29.18 25.31 23.13 23.79 22.38 25.91 27.31 29.39 24.66 4.276 0.980 0.067 0.980 

logGCN/g faeces, log transformed gene copy number per gram of faeces; SCFA, short-chain fatty acids.  
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Table C.3 Effect of yeast β-glucan on the log transformed gene copy number/g faeces of selected faecal bacterial groups and SCFA 

profile in the batch fermentation assay (Least-square mean values with their standard errors). 

 Time SEM P-value 

0h 10h 24h Yeast β-
glucan 
effect 

Time 
effect 

Yeast β-
glucan x 
Time 
interaction 

Yeast β-glucan concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5 

Bacterial group 
(logGCN/g faeces) 

                

Total bacteria 9.26 9.26 9.26 9.26 9.34 8.80 8.91 9.05 9.74 9.69 9.75 9.56 0.079 <0.001 <0.001 0.084 

Lactobacillus spp. 8.09 8.09 8.09 8.09 8.42 8.33 8.24 8.31 8.44 8.45 8.36 8.36 0.053 0.195 <0.001 0.723 

Bifidobacterium spp. 5.99 5.99 5.99 5.99 6.14 6.01 5.90 5.79 6.36 6.27 6.19 6.04 0.030 <0.001 <0.001 0.001 

Enterobacteriaceae 6.89 6.89 6.89 6.89 8.14 7.97 8.04 8.06 8.23 7.87 7.98 8.07 0.039 0.005 <0.001 0.009 

Prevotella spp. 8.74 8.74 8.74 8.74 7.82 7.66 7.58 7.42 7.61 7.41 7.38 7.22 0.039 <0.001 <0.001 0.008 

SCFA (mmol/lit)                 

Acetate 32.81 32.81 32.81 32.81 27.48 24.08 22.89 24.15 26.39 25.07 23.35 24.44 0.749 0.045 <0.001 0.200 

Butyrate 1.05 1.05 1.05 1.05 0.71 0.40 0.41 0.51 1.38 1.38 1.33 1.19 0.052 0.067 <0.001 0.024 

Propionate 0.49 0.49 0.49 0.49 0.73 0.49 0.49 0.57 0.66 0.57 0.51 0.53 0.051 0.035 0.008 0.117 

Total SCFA 35.65 35.65 35.65 35.65 29.75 25.41 24.29 25.82 28.88 27.44 25.53 26.54 0.797 0.031 <0.001 0.096 

logGCN/g faeces, log transformed gene copy number per gram of faeces; SCFA, short-chain fatty acids. 
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Appendix D 

Table D.1 Effect of FOS on the selected faecal bacterial groups in the batch fermentation assay (Least-square mean values with 

their standard errors). 

Bacterial group (logGCN/g 
faeces) 

Time SEM FOS 
effect 

Time 
effect 

FOS x Time 
interaction 0h 10h 24h 

FOS concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5     

Total bacteria 9.02 9.02 9.02 9.02 8.69 9.13 9.54 9.49 9.63 9.78 9.77 9.95 0.081 <0.001 <0.001 0.002 

Lactobacillus spp. 8.29 8.29 8.29 8.29 8.64 8.71 8.74 8.78 8.69 8.76 8.69 8.77 0.056 0.521 <0.001 0.883 

Bifidobacterium spp. 6.39 6.39 6.39 6.39 6.39 6.48 6.72 6.70 6.68 6.69 6.68 6.79 0.027 0.001 <0.001 <0.001 

Enterobacteriaceae 6.78 6.78 6.78 6.78 7.73 7.79 8.08 7.67 7.75 7.64 7.60 7.30 0.078 0.056 <0.001 0.014 

logGCN/g faeces, log transformed gene copy number per gram of faeces. 

 

Table D.2 Effect of ANWB-F on the selected faecal bacterial groups in the batch fermentation assay (Least-square mean values with 

their standard errors). 

Bacterial group (logGCN/g 
faeces) 

Time SEM ANWB-F 
effect 

Time 
effect 

ANWB-F x Time 
interaction 0h 10h 24h 

ANWB-F concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5     

Total bacteria 8.98 8.98 8.98 8.98 8.92 9.31 9.36 9.41 9.48 9.82 9.84 9.97 0.119 <0.001 <0.001 0.587 

Lactobacillus spp. 8.37 8.37 8.37 8.37 8.60 8.79 8.71 8.68 8.68 8.75 8.76 8.76 0.039 0.238 <0.001 0.192 

Bifidobacterium spp. 6.35 6.35 6.35 6.35 6.42 3.70 1.80 U/D 6.87 5.92 1.57 U/D 0.662 <0.001 <0.001 0.002 

Enterobacteriaceae 6.72 6.72 6.72 6.72 7.58 7.75 7.70 7.54 7.99 8.10 7.83 7.68 0.059 0.030 <0.001 0.016 

U/D, undetectable; logGCN/g faeces, log transformed gene copy number per gram of faeces.  
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Table D.3 Effect of ANWB-N on the selected faecal bacterial groups in the batch fermentation assay (Least-square mean values with 

their standard errors). 

Bacterial group (logGCN/g 
faeces) 

Time SEM ANWB-N 
effect 

Time 
effect 

ANWB-N x Time 
interaction 0h 10h 24h 

ANWB-N concentration (mg/ml) 

0 1 2.5 5 0 1 2.5 5 0 1 2.5 5     

Total bacteria 8.87 8.87 8.87 8.87 8.12 9.00 8.99 9.13 8.95 9.58 9.69 9.67 0.134 <0.001 <0.001 0.078 

Lactobacillus spp. 8.42 8.42 8.42 8.42 8.62 8.75 8.70 8.52 8.66 8.82 8.82 8.60 0.042 0.006 <0.001 0.050 

Bifidobacterium spp. 6.38 6.38 6.38 6.38 6.39 6.46 1.64 U/D 6.79 5.03 U/D U/D 0.394 <0.001 <0.001 <0.001 

Enterobacteriaceae 6.48 6.48 6.48 6.48 6.99 7.09 7.08 6.90 7.26 7.58 7.51 6.83 0.056 0.001 <0.001 <0.001 

U/D, undetectable; logGCN/g faeces, log transformed gene copy number per gram of faeces. 
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Appendix E 

Variation in Salmonella detection between standard culturing techniques 

and QPCR from frozen pig faeces collected on day 0 

From the 19 faecal samples that were collected on the day that pigs arrived at the 

experimental facilities, all samples were identified as Salmonella-positive using 

QPCR, whereas only 57.9% (11/19 pigs) of faecal samples were Salmonella 

positive using the standard ISO protocol (ISO 6579-1:2017). Several studies have 

previously shown that QPCR performs equally or better to the conventional 

culturing methods in Salmonella identification in samples of various origin 

(Sanchez-Jimenez and Cardona-Castro, 2004; Kumar et al., 2008; Wilkins et al., 

2010; Zhang et al., 2011; Mainar-Jaime et al., 2013; Delibato et al., 2014). It 

could be argued that the 8 QPCR positive/ISO negative samples were result of 

primers cross-reaction. However, all 19 samples had similar dissociation curves 

in the QPCR reaction. Furthermore, the use of hilA gene as a target for 

Salmonella identification has been previously evaluated regarding its specificity 

and showed no cross-reactivity with other non-salmonellae bacterial species 

(Pathmanathan et al., 2003; McCabe et al., 2011). Thus, the ISO method most 

likely failed to positively identify the QPCR-positive samples. Similarly, Mainar-

Jaime et al. (2013) reported that ISO 6579:2002/Amd 1:2007, a previous version 

of ISO 6579-1:2017, failed to identify as Salmonella-positive 33 mesenteric lymph 

nodes samples from pigs that were QPCR-positive. However, after adding a 

second pre-enrichment step, Salmonella isolates were obtained from 19 out of 

the 33 previously negative samples. Thus, it can be assumed that if the similar 

practice were followed in the current study, the number of Salmonella positive 

samples using the ISO protocol would have increased. Two additional factors that 

have probably contributed to the lower Salmonella detection using the ISO 

protocol were the quantity of faeces, which, in some instances, was less that the 

recommended 25 g, and the presence of dead Salmonella cells in the faeces 

which can be detected by QPCR but not culturing. During an EU interlaboratory 

comparison study for Salmonella detection in pig faeces its was found that 

freezing of faeces at -20 °C had a negative impact on Salmonella survival that 

hindered the subsequent isolation of viable colonies using the ISO 
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6579:2002/Amd 1:2007 protocol which further supports our assumption (Pol-

Hofstad and Mooijman, 2016).  
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Appendix F 

Table F.1 Effects of 300 ppm laminarin on the relative abundance of bacterial 

phyla in the caecal digesta (mean % relative abundance with their standard 

errors). 

Phylum Laminarin inclusion level (ppm)1 SEM Adjusted   

P-value 0 300 

Firmicutes 97.11 93.77 2.617 0.375 

Actinobacteria 1.60 3.56 0.419 0.005 

Proteobacteria 1.29 2.66 0.368 0.020 

1A total of fourteen replicates were used for the control and 300 ppm laminarin 

treatment (replicate = bird). 

 

Table F.2 Effects of 300 ppm laminarin on the relative abundance of bacterial 

families in the caecal digesta (mean % relative abundance with their standard 

errors). 

Family Laminarin inclusion level (ppm)1 SEM Adjusted 

P-value 0 300 

Enterobacteriaceae 2.29 2.30 0.405 0.988 

Eggerthellaceae 0.22 0.33 0.140 0.585 

Bifidobacteriaceae 1.53 3.53 0.416 0.003 

Dermabacteraceae 0.01 0.29 0.084 0.245 

Clostridiales Family XIII. Incertae Sedis 0.06 0.03 0.054 0.682 

Lactobacillaceae 5.85 4.34 0.628 0.101 

Streptococcaceae 1.87 3.02 0.415 0.064 

Bacillaceae 0.10 0.19 0.101 0.567 

Erysipelotrichaceae 0.22 0.28 0.133 0.781 

Enterococcaceae 0.43 0.40 0.173 0.900 

Staphylococcaceae 0.01 0.03 0.039 0.728 

Defluviitaleaceae 1.03 0.55 0.234 0.172 

Gracilibacteraceae 0.84 0.85 0.245 0.983 

Hungateiclostridiaceae 5.53 6.14 0.645 0.510 

Lachnospiraceae 5.08 6.40 0.639 0.159 

Christensenellaceae 2.99 1.94 0.417 0.091 

Peptococcaceae 0.02 0.02 0.037 0.999 

Oscillospiraceae 2.58 2.58 0.429 0.989 

Clostridiaceae 3.13 2.90 0.464 0.724 

Ruminococcaceae 65.80 62.71 2.142 0.317 
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Peptostreptococcaceae 0.18 0.20 0.117 0.927 

Eubacteriaceae 0.91 0.98 0.260 0.854 

1A total of fourteen replicates were used for the control and 300 ppm laminarin 

treatment (replicate = bird). 

 

Table F.3 Effects of 300 ppm laminarin on the relative abundance of bacterial 

genera in the caecal digesta (mean % relative abundance with their standard 

errors). 

Genus Laminarin inclusion level (ppm)1 SEM Adjusted 

P-value 0 300 

Shigella 0.01 0.05 0.045 0.620 

Escherichia 0.06 0.06 0.066 0.970 

Rubneribacter 0.22 0.32 0.138 0.617 

Bifidobacterium 1.48 3.48 0.410 0.004 

Brachybacterium 0.01 0.28 0.082 0.256 

Erysipelatoclostridium 0.01 0.01 0.030 0.961 

Ihubacter 0.06 0.02 0.055 0.635 

 Lactobacillus 4.74 4.24 0.568 0.537 

Streptococcus 2.08 3.06 0.426 0.125 

Thalassobacillus 0.11 0.19 0.101 0.589 

Turicibacter 0.23 0.26 0.132 0.861 

Enterococcus 0.43 0.44 0.176 0.972 

Staphylococcus 0.01 0.03 0.039 0.755 

Vallitalea 1.19 0.58 0.250 0.098 

Gracilibacter 0.79 0.87 0.244 0.822 

Petroclostridium 0.95 1.11 0.271 0.674 

Oxobacter 0.04 0.08 0.063 0.660 

Anaerobacterium 3.11 3.31 0.479 0.777 

Ruminiclostridium 0.35 0.22 0.142 0.523 

Cuneatibacter 0.13 0.07 0.084 0.614 

Catenibacillus 0.05 0.09 0.072 0.710 

Robinsoniella 0.98 0.90 0.260 0.816 

Lachnospira 0.01 0.02 0.033 0.971 

Anaerostipes 0.24 0.34 0.144 0.645 

Blautia 1.66 2.76 0.393 0.066 

Murimonas 0.08 0.09 0.078 0.982 

Lachnoclostridium 1.18 1.08 0.285 0.818 

Kineothrix 0.12 0.17 0.101 0.717 
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Drancourtella 0.82 0.89 0.248 0.850 

Ruminococcus 11.54 10.95 0.898 0.646 

Romboutsia 0.05 0.05 0.062 0.979 

Alkalibacter 0.03 0.01 0.041 0.756 

Hungateiclostridium 0.61 0.64 0.211 0.926 

Christensenella 2.87 1.79 0.407 0.073 

Desulfotomaculum 0.02 0.02 0.036 0.985 

Beduinibacterium 0.15 0.13 0.099 0.887 

Oscillibacter 2.69 2.63 0.437 0.928 

Clostridium 2.84 2.55 0.440 0.649 

Pseudoflavonifractor 0.59 0.51 0.198 0.781 

Flavonifractor 0.10 0.20 0.101 0.489 

Butyricicoccus 0.25 0.31 0.141 0.788 

Intestinibacillus 0.03 0.01 0.037 0.784 

Natranaerovirga 1.03 0.88 0.262 0.686 

Anaerotignum 0.62 0.60 0.209 0.944 

Intestinimonas 0.46 0.25 0.159 0.372 

Saccharofermentans 0.34 0.22 0.141 0.543 

Monoglobus 0.01 0.01 0.028 0.936 

Sporobacter 2.76 1.51 0.389 0.034 

Flintibacter 0.01 0.01 0.026 0.887 

Faecalibacterium 38.50 38.35 1.660 0.949 

Anaerofilum 0.46 0.48 0.183 0.955 

Fournierella 1.29 1.08 0.292 0.629 

Subdoligranulum 0.08 0.11 0.082 0.808 

Gemmiger 1.74 1.93 0.362 0.717 

Caproiciproducens 0.27 0.31 0.143 0.851 

Neglecta 4.16 3.91 0.538 0.744 

Anaeromassilibacillus 2.62 2.58 0.432 0.945 

Eubacterium 0.74 1.06 0.252 0.395 

Angelakisella 0.06 0.02 0.052 0.608 

Anaerotruncus 0.19 0.28 0.129 0.644 

Negativibacillus 0.71 0.73 0.228 0.953 

Massilioclostridium 0.01 0.01 0.029 0.963 

Phocea 0.01 0.02 0.030 0.926 

Candidatus Soleaferrea 0.20 0.14 0.110 0.690 

Paludicola 0.51 0.57 0.196 0.838 

Massilimaliae 0.16 0.13 0.102 0.797 

1A total of fourteen replicates were used for the control and 300 ppm laminarin 

treatment (replicate = bird). 
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Table F.4 Effects of 300 ppm laminarin on the relative abundance of bacterial 

species in the caecal digesta (mean % relative abundance with their standard 

errors). 

Species Laminarin inclusion level 

(ppm)1 

SEM Adjusted 

P-value 

0 300 

Shigella sp. 0.03 0.04 0.051 0.920 

Escherichia coli 0.05 0.08 0.069 0.781 

Rubneribacter badeniensis 0.25 0.36 0.147 0.630 

Bifidobacterium pseudolongum 1.22 2.71 0.367 0.011 

Erysipelatoclostridium [Clostridium] 

spiroforme 0.01 0.02 

 

0.032 

 

0.917 

Ihubacter sp. 0.05 0.01 0.044 0.655 

Ihubacter massiliensis 0.03 0.01 0.035 0.738 

Lactobacillus reuteri 0.12 0.13 0.094 0.950 

Streptococcus alactolyticus 1.06 2.23 0.337 0.026 

Thalassobacillus sp. S181 0.20 0.14 0.108 0.706 

Turicibacter sp. H121 0.12 0.20 0.106 0.619 

Enterococcus cecorum 0.05 0.05 0.060 0.984 

Vallitalea sp. S15 1.14 0.68 0.253 0.219 

Christensenella minuta 0.01 0.02 0.030 0.883 

Gracilibacter thermotolerans 0.90 0.97 0.259 0.844 

Petroclostridium xylanilyticum 1.14 1.17 0.287 0.938 

Oxobacter sp. PPf50E4 0.04 0.10 0.069 0.585 

Clostridium sp. AN-AS8 0.03 0.04 0.050 0.952 

Anaerobacterium chartisolvens 3.25 3.94 0.506 0.345 

Ruminiclostridium sufflavum 0.40 0.23 0.148 0.432 

Blautia hydrogenotrophica 0.17 0.32 0.130 0.436 

Lachnoclostridium [Clostridium] 

hylemonae 0.36 0.47 0.171 0.666 

Clostridium sp. ID11 0.18 0.19 0.114 0.956 

Lachnoclostridium [Clostridium] 

polysaccharolyticum 0.02 0.02 0.037 0.930 

Cuneatibacter caecimuris 0.13 0.08 0.087 0.715 

Catenibacillus scindens 0.06 0.11 0.077 0.670 

Robinsoniella sp. 0.96 1.12 0.272 0.679 

Eubacterium ramulus 0.16 0.11 0.098 0.702 

Anaerostipes butyraticus 0.19 0.37 0.140 0.381 

Blautia sp. 0.19 0.17 0.113 0.902 

Blautia obeum 0.14 0.11 0.095 0.788 
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Blautia caecimuris 0.35 0.89 0.205 0.090 

Blautia glucerasea 0.78 0.99 0.251 0.571 

Murimonas intestini 0.13 0.05 0.079 0.516 

Ruminococcus lactaris 1.23 1.97 0.336 0.139 

Clostridium sp. C5-48 0.05 0.04 0.056 0.860 

Lachnoclostridium sp. Marseille-P6806 0.18 0.22 0.119 0.803 

Lachnoclostridium [Clostridium] 

asparagiforme 0.01 0.01 0.028 0.955 

Kineothrix alysoides 0.11 0.21 0.106 0.523 

Drancourtella massiliensis 0.85 1.07 0.262 0.563 

Clostridium sp. Marseille-P3244 0.56 0.55 0.200 0.972 

Ruminococcus sp. 2.90 2.35 0.433 0.382 

Blautia [Ruminococcus] torques 0.52 0.33 0.173 0.436 

Ruminococcus sp. 14531 4.71 5.86 0.614 0.198 

Romboutsia ilealis 0.06 0.06 0.065 0.987 

Saccharofermentans sp. CA24 0.02 0.01 0.027 0.816 

Alkalibacter saccharofermentans 0.03 0.02 0.042 0.780 

Hungateiclostridium alkalicellulosi 0.47 0.53 0.189 0.839 

Hungateiclostridium cellulolyticum 0.12 0.18 0.102 0.666 

Butyricicoccus porcorum 0.16 0.14 0.103 0.896 

Christensenella massiliensis 3.07 1.85 0.416 0.052 

Clostridium maximum 0.02 0.03 0.042 0.922 

Anaerostipes sp. 992a 0.04 0.04 0.055 0.960 

Christensenella sp. 0.07 0.15 0.086 0.511 

Desulfotomaculum sp. Lac2 0.02 0.02 0.038 0.969 

Beduinibacterium massiliense 0.14 0.17 0.105 0.867 

Oscillibacter valericigenes 2.08 2.06 0.385 0.976 

Clostridium phoceensis 0.13 0.11 0.092 0.865 

Oscillibacter sp. 0.23 0.29 0.136 0.760 

Clostridium sp. SN20 1.11 1.03 0.276 0.846 

Pseudoflavonifractor capillosus 0.38 0.42 0.168 0.859 

Clostridium sp. AUH-JLC108 0.28 0.05 0.099 0.191 

Flavonifractor plautii 0.08 0.25 0.105 0.301 

Intestinimonas timonensis 0.12 0.10 0.087 0.888 

Ruminococcus sp. Marseille-P6503 0.16 0.07 0.087 0.496 

Ruminococcus sp. YE281 0.85 1.08 0.262 0.550 

Ruminococcus bicirculans 0.59 0.73 0.217 0.643 

Butyricicoccus pullicaecorum 0.13 0.20 0.107 0.660 

Intestinibacillus sp. Marseille-P6563 0.03 0.02 0.039 0.819 

Clostridium sp. 0.08 0.08 0.075 0.977 
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Clostridium sp. BNL1100 0.47 0.29 0.164 0.440 

Natranaerovirga pectinivora 1.03 1.10 0.276 0.875 

Anaerotignum sp. 0.41 0.34 0.164 0.767 

Anaerotignum lactatifermentans 0.26 0.34 0.146 0.735 

Saccharofermentans sp. Marseille-

P3694 0.34 0.24 0.144 0.630 

Hungateiclostridium clariflavum 0.04 0.01 0.042 0.676 

Sporobacter termitidis 3.06 1.63 0.404 0.023 

Eubacterium sp. 0.36 0.36 0.160 0.988 

Flintibacter butyricus 0.01 0.01 0.028 0.931 

Pseudoflavonifractor sp. 0.22 0.19 0.121 0.842 

Faecalibacterium prausnitzii 43.98 41.48 1.747 0.321 

Anaerofilum sp. Marseille-P3374 0.57 0.48 0.193 0.733 

Fournierella sp. 1.21 1.36 0.303 0.730 

Subdoligranulum variabile 0.09 0.13 0.088 0.709 

Gemmiger formicilis 1.95 2.17 0.383 0.676 

Caproiciproducens sp. NJN-50 0.30 0.35 0.152 0.808 

Neglecta timonensis 4.55 4.43 0.566 0.890 

Anaeromassilibacillus senegalensis 1.43 0.71 0.273 0.084 

Anaeromassilibacillus sp. Marseille-

P3371 1.19 1.35 0.301 0.707 

Eubacterium coprostanoligenes 0.45 0.57 0.191 0.648 

Angelakisella massiliensis 0.06 0.03 0.055 0.724 

Phocea massiliensis 0.02 0.01 0.031 0.732 

Anaerotruncus rubiinfantis 0.06 0.04 0.061 0.793 

Anaerotruncus colihominis 0.38 0.04 0.109 0.122 

Clostridium sp. SL-2013-71 0.08 0.04 0.064 0.627 

Negativibacillus massiliensis 0.81 0.79 0.239 0.946 

Massilioclostridium coli 0.01 0.01 0.031 0.989 

Candidatus Soleaferrea massiliensis 0.21 0.16 0.115 0.776 

Paludicola psychrotolerans 0.53 0.68 0.207 0.620 

Massilimaliae massiliensis 0.17 0.15 0.107 0.882 

1A total of fourteen replicates were used for the control and 300 ppm laminarin 

treatment (replicate = bird). 
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Table F.5 Effects of laminarin supplementation on the gene expression in the 

different regions of the small intestine (Least-square mean values with their 

standard errors). 

Region Target gene Laminarin Inclusion level (ppm)1 SEM P-value 

0 300 

Nutrient transporters and digestive enzymes 

Duodenum SLC2A1/ GLUT1 1.02 1.00 0.039 0.796 

 SLC2A5/ GLUT5 1.01 1.09 0.083 0.470 

SLC5A1/ SGLT1 1.04 1.00 0.061 0.642 

SLC1A4 0.99 1.05 0.047 0.340 

FABP2 0.99 1.04 0.049 0.338 

AMY2A 2.73 2.39 0.995 0.976 

SLC15A1/ PepT1 0.95 1.01 0.059 0.470 

SLC15A2/ PepT2 1.01 1.05 0.062 0.607 

Jejunum SLC2A1/ GLUT1 1.02 1.04 0.068 0.831 

 SLC2A5/ GLUT5 1.03 1.11 0.104 0.564 

SLC5A1/ SGLT1 1.03 1.01 0.054 0.759 

SLC1A4 0.98 1.08 0.060 0.230 

FABP2 1.01 1.01 0.032 0.986 

AMY2A 1.11 3.15 0.913 0.579 

SLC15A1/ PepT1 0.99 1.05 0.048 0.350 

SLC15A2/ PepT2 0.93 1.13 0.095 0.149 

Ileum SLC2A1/ GLUT1 0.98 1.00 0.030 0.614 

  SLC2A5/ GLUT5 1.03 1.09 0.091 0.652 

 SLC5A1/ SGLT1 1.05 0.99 0.059 0.485 

 SLC1A4 0.98 1.01 0.027 0.365 

 FABP2 1.02 1.01 0.051 0.999 

 AMY2A 1.33 1.32 0.272 0.781 

 SLC15A1/ PepT1 0.90 1.14 0.061 0.009 

 SLC15A2/ PepT2 0.99 1.12 0.086 0.324 

Markers of immune response 

Duodenum IL6 1.00 1.12 0.091 0.334 

 CXCL8 1.06 0.90 0.101 0.261 

 IL10 2.50 2.38 0.480 0.852 

 IL17A 0.88 1.43 0.176 0.035 

 LITAF 1.03 0.99 0.046 0.558 

 TGFB1 1.25 1.17 0.153 0.708 

 IFNG 1.04 1.29 0.155 0.278 

 TLR2 1.05 1.06 0.085 0.940 

 TLR4 1.06 0.98 0.057 0.361 

Jejunum IL6 0.96 1.14 0.076 0.111 

 CXCL8 0.93 0.93 0.135 0.999 

 IL10 1.12 1.04 0.129 0.773 

 IL17A 1.32 1.37 0.311 0.922 

 LITAF 1.03 0.99 0.041 0.421 

 TGFB1 1.11 1.16 0.152 0.672 

 IFNG 0.91 1.12 0.118 0.227 
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 TLR2 0.93 1.17 0.123 0.036 

 TLR4 1.01 1.09 0.086 0.312 

Ileum IL6 1.00 1.08 0.077 0.473 

 CXCL8 1.09 0.84 0.119 0.156 

 IL10 2.98 2.49 0.511 0.504 

 IL17A 0.86 1.54 0.222 0.041 

 LITAF 1.03 0.98 0.034 0.269 

 TGFB1 1.01 1.04 0.060 0.738 

 IFNG 1.02 1.20 0.125 0.328 

 TLR2 0.94 1.13 0.086 0.130 

 TLR4 0.98 1.02 0.041 0.506 

Markers of intestinal integrity 

Duodenum CLDN1 0.97 1.09 0.060 0.180 

 OCLN 0.98 1.07 0.052 0.215 

 MUC2 0.98 1.04 0.033 0.177 

 TNFRSF1A 0.97 1.06 0.041 0.170 

Jejunum CLDN1 0.94 1.13 0.060 0.029 

 OCLN 1.00 1.08 0.072 0.419 

 MUC2 0.99 1.02 0.026 0.504 

 TNFRSF1A 1.00 1.03 0.039 0.550 

Ileum CLDN1 0.93 1.19 0.089 0.042 

 OCLN 1.05 0.98 0.049 0.369 

 MUC2 0.99 0.99 0.019 0.930 

 TNFRSF1A 1.01 1.02 0.043 0.852 

SLC2A1/GLUT1, glucose transporter 1; SLC2A5/GLUT5, glucose transporter 5; 

SLC5A1/SGLT1, sodium-glucose cotransporter 1; SLC1A4, glutamate and 

neutral amino acid transporter; FABP2, fatty acid binding protein 2; AMY2A, 

amylase alpha 2A; SLC15A1/PepT1, peptide transporter 1; SLC15A2/PepT2, 

peptide transporter 2; IL6, interleukin 6; CXCL8, C-X-C motif chemokine ligand 8; 

IL10, interleukin 10; IL17A, interleukin 17A; LITAF, lipopolysaccharide induced 

TNF factor; TGFB1, transforming growth factor beta 1; IFNG, interferon gamma; 

TLR2, toll-like receptor 2 ; TLR4, toll-like receptor 4; CLDN1, claudin 1; OCLN, 

occludin; MUC2, mucin 2; TNFRSF1A, TNF receptor superfamily member 1A; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACTB, actin beta; PPIA, 

peptidylprolyl isomerase A.    

1A total of sixteen and fourteen replicates were used for the control and 300 ppm 

laminarin treatment respectively (replicate = bird). 

 

 

 


